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The Target Sites on the EGF Receptor for Cbl, its negative regulator 

Introduction: 

The experiments described in the application submitted for funding were designed to test 
the hypothesis that the protooncogene product Cbl functions as a negative regulator of the 
activated epidermal growth factor receptor (EGFR). Genetic studies in C. elegans and Drosophila 
had identified the Cbl homologues SLI-1 and D-Cbl in these organisms as being negative 
regulators of EGFR-mediated developmental events. Observations in mammalian systems had 
identified Cbl as a substrate for the activated EGFR and had shown that Cbl was rapidly 
recruited to the activated EGFR. We showed that the evolutionarily conserved N-terminal 
portion of Cbl encoded a novel phosphotyrosine-binding motif (termed a tyrosine kinase-binding 
domain, TKB), that directly bound to a number of activated tyrosine kinases, including the 
EGFR. Subsequently, this portion of Cbl was crystallized and shown to encode a novel SH2 like 
domain (Meng et al. Nature 398:84-90,1999). Taken together these results implicated Cbl as a 
candidate for mediating negative regulation of the EGFR. 

Modifications to Statement of Work: 

As indicated in last year's report, a number of observations in our laboratory and other 
published studies led to a modification of the initial focus. This change in focus reflected an 
opportunity to define a novel paradigm of the regulation of ErbB receptor signaling. As detailed 
in the introduction to last year's report, publications from our laboratory (Miyake et al, PNAS 
95:7927-7932, 1998) showed that Cbl functions as a negative regulator by enhancing the rate of 
degradation of the PDGFRa, a receptor tyrosine kinase related to EGFR. Levkowitz and 
colleagues (Genes Dev., 12:3663-3674, 1998) and Dr N. Lill in our laboratory (Lill et al, J. Biol. 
Chem. 275:367-377, 2000) demonstrated that Cbl also functions as negative regulator of the 
EGFR by enhancing its rate of degradation. These data, indicated that Cbl did not increase the 
rate at which the EGFR was internalized, but rather increased the proportion of EGFR targeted to 
endosomes and lysosomes. Furthermore, oncogenic forms of Cbl inhibited down-regulation of 
the EGFR by promoting the recycling of the internalized receptor back to the cell surface. These 
findings suggested that Cbl may be acting once the receptor has been internalized and possibly at 
the sorting endosome stage. Therefore, the hypothesis of this fellowship proposal was modified 
to investigate if Cbl functions as a negative regulator of Src family of kinases, and as such can 
influence the intracellular trafficking of internalized EGFR. The Src-family kinases c-Src, Fyn 
and c-Yes are widely expressed and are activated by diverse cellular stimuli. Significantly, the 
tyrosine kinase activity of all three family members is increased by EGF stimulation and Src has 
been shown to associate with the EGFR and ErbB-2 (Neu). Even more importantly, levels of Src 
family members or their activity are significantly increased in a substantial proportion of cases of 
breast and colon cancer. 

Last year's report provided initial evidence in favor of the proposal that Cbl functions as 
a negative regulator of Src-family kinases. Studies carried out during the current reporting period 
provide further evidence in favor of this hypothesis, in particular using cells derived from Cbl 
knockout animals. Together, these studies provide conclusive evidence that Cbl functions as a 



negative regulator of activated Src-family tyrosine kinases and that this regulation is mediated 
via degradation of Src-family kinases. Additional experiments have implicated the RING finger 
domain of Cbl, a motif recently shown to constitute a ubiquitin ligase module, as crucial for Cbl- 
dependent negative regulation of Src-family kinases. These results provide a basis for further 
studies to investigate the mechanisms of Cbl-mediated degradation of Src-family kinases and to 
identify the novel subcellular compartments of ErbB signaling to which these receptors are 
delivered as a result of their interaction with Src-family kinases. 

The modified statement of work for next year is: 

1. Examine the mechanism of Cbl-dependent degradation of Src-family kinases 
A. Assess if Cbl-dependent degradation of Fyn is inhibited by proteasome inhibitors 
B. Assess if Fyn is ubiquitinated in a Cbl-dependent manner. 
C. Assess the role of ubiquitin ligase domain (RING finger) of Cbl in ubiquitination 

of Fyn. 

2. Characterize the role of Src-family kinases in intracellular sorting and signaling of 
EGF receptor 
A. Assess the rate of EGF-induced downregulation of EGF receptor and its 

intracellular fate in Src/Yes/Fyn-negative fibroblasts (SYF cells). 
B. Assess if lack of Src-family kinases prevents or modifies Cbl-induced 

downregulation of EGF receptor. 
C. Characterize the subcellular compartment where EGF receptor accumulates in 

SYF cells and cells overexpressing Src-family kinases. 
D. Extend the observations in 2C to breast cancer cell lines that express low or high 

levels of Src-family kinases. 

Body: 

Studies carried out in the current reporting period helped further the training of the 
applicant and resulted in one first-author publication and one co-author paper. (The following 
summary describes extensive studies that were recently published as Andoniou CE, et. al., 
Molecular and Cellular Biology, 20:851-867, 2000; copy included) 

The previously studied tyrosine kinase targets of Cbl, such as ZAP70, Syk, PDGFR, and 
EGFR, require activation-induced phosphorylation to physically interact with Cbl. In contrast, 
earlier analyses with lymphocytic and other cell types indicated that a stable complex of Cbl with 
Fyn, Lck, Src, or Lyn could be found prior to cellular activation. In vitro studies suggested a 
likely mechanism for this association, involving binding between the SH3 domains of Src-family 
kinases and the proline-rich sequences in Cbl. Using Cbl mutants in which parts of the proline- 
rich region were deleted and an inactivating point mutation of the Fyn SH3 domain, we 
demonstrated that this mechanism predominates in vivo. Nonetheless, Fyn SH2 domain binding 
to one or more phosphorylated tyrosine residues on Cbl also appeared to contribute to the Fyn- 
Cbl interaction. Consistent with the Fyn SH2 domain mediating an association of Fyn with Cbl, 
the three dominant phosphorylation sites in Cbl (amino acid residues Y700, Y731, and Y774) 



have been found to provide binding sites for Src-family kinase SH2 domains. The combined 
SH2- and SH3-dependent mechanisms mediate a relatively stable association of Cbl with Fyn. 

Based on the intramolecular-repression model of Src-family kinase regulation, ligand 
binding to the SH3 domain is predicted to displace it from the SH2-kinase linker and to lead to 
kinase activation. An obvious question was whether binding of Cbl to the SH3 domain of Fyn 
would lead to activation of the kinase or whether Cbl might use binding via the SH3 domain to 
promote negative regulation of Fyn. Our results demonstrate that association of Fyn with Cbl 
leads to a dramatic reduction in the active pool of Fyn. This conclusion was based on multiple 
criteria: Cbl dose-dependent reduction in the overall levels of autophosphorylated Fyn, decreased 
in vivo phosphorylation of endogenous (p62) and exogenous (CD8-z) substrates, and reduced 
transcriptional activation of a Src-family kinase-responsive promoter element. Thus, while 
displacement of the SH3 domain from the SH2-kinase linker can lead to activation of Src-family 
kinases, dissociation followed by SH3 domain-dependent association of Fyn with Cbl reduces 
kinase activity. We envision that Cbl-mediated negative regulation complements the established 
mode of intramolecular repression by eliminating activated Src-family kinases that can not revert 
to a repressed state. Consistent with this idea was the another set of findings. Intramolecular 
regulation of Src kinases can be disrupted by mutation of the negative regulatory C-terminal 
tyrosine (Y528 in Fyn), resulting in the constitutive activation of kinase activity. We used the 
FynY528F mutant to ask if Cbl-dependent negative regulation of Fyn could still be observed. 
Our results clearly demonstrate that FynY528F not only retains its susceptibility to the negative 
regulatory effects of Cbl but also is more susceptible to this effect than is the wild-type Fyn. 
These results suggest that Cbl-mediated negative regulation would be important in situations 
where Fyn intramolecular associations have been disrupted, as is predicted to occur upon 
activation of cell surface receptors. 

An unexpected finding was the observation that the Cbl-dependent reduction in 
autophosphorylated Fyn and inhibition of distal signaling events was consistently accompanied 
by a reduction in Fyn protein levels. The effect of Cbl on Fyn levels correlated with its impact on 
Fyn kinase activity: both effects were more pronounced for the FynY528F mutant than for wild- 
type Fyn. Significantly, coexpression of the 70ZCbl mutant with Fyn did not affect Fyn activity 
or alter Fyn protein levels, implying that the effect of Cbl on Fyn protein levels was not a 
transfection artifact. These results suggested that Cbl might regulate Fyn activity by targeting the 
activated Fyn protein for degradation. This hypothesis was tested by pulse-chase analysis, which 
directly demonstrated that the Cbl-dependent decrease in Fyn protein levels resulted from 
enhanced Fyn-specific protein turnover. Cbl-mediated reduction of Fyn protein levels was also 
observed in Jurkat T-lymphocytic cells, indicating that Cbl-dependent degradation of Fyn is 
likely to occur widely. Complementing these analyses based on Cbl overexpression, we also 
demonstrated that fibroblast and T-lymphoma cell lines derived from Cbl -/- mice express higher 
level of Fyn protein than do cell lines derived from wild-type mice. Significantly, the observed 
half-life of FynY528F was shorter than that of wild-type Fyn following coexpression of Cbl in 
293T cells, implying that the catalytically active pool of Fyn is targeted for degradation. 
Consistent with this suggestion, the E6AP-mediated degradation of Blk, another Src-family 
kinase, required it's catalytically activity (Oda H. et al. PNAS, 96:9557-9562, 1999). Together, 
these results provide strong support for a role for Cbl in regulating Fyn protein levels in vivo. 



The possibility that the reduction in Fyn protein levels was a secondary effect of Cbl- 
mediated inhibition of Fyn kinase activity was also tested. While the total amount of Fyn kinase 
activity associated with Cbl was smaller than that associated with 70ZCbl, normalization of the 
data for Fyn protein levels revealed that there was no significant difference in Fyn specific 
activity. This result is consistent with those published previously in which Cbl was found in 
complex with catalytically active c-Src in osteoclasts and macrophage cell lines (Ojaniemi M, et. 
al., J. Biol. Chem. 272:3780-3787, 1997; Tanaka S, et. al., Nature 383:528-531, 1996). Together, 
these results lead us to conclude that Cbl does not significantly affect Fyn kinase activity and that 
the most likely explanation for the observed negative regulation of Fyn activity by Cbl is that Cbl 
enhances the rate of Fyn degradation. These observations implicate protein degradation as a 
mechanism for downregulation of activated Src-family kinases. 

Key Research Accomplishments: 

- Identified Src-family kinases, which are implicated in the pathogenesis of breast 
cancer, as targets of Cbl-mediated negative regulation. 

- Demonstrated that Cbl-mediated negative regulation of tyrosine kinases was not due 
to inhibition of kinase activity. 

- Demonstrated that Cbl-mediated negative regulation of Src-family tyrosine kinases 
was a result of enhanced degradation. 

- Demonstrated an elevation of Src-family kinase protein levels in cells where Cbl- 
mediated negative regulation has been disabled as a result of gene knockout. These 
results raise the possibility that elevated levels of Src-family kinases in breast cancer 
may be due, in part, to aberrant Cbl expression or function. 

- Demonstrated the preferential degradation of the activated pool of Src-family kinases 
by Cbl. This finding suggests the possibility that raising the level or activity of Cbl or 
targeting it to activated tyrosine kinases may provide an avenue to selectively inhibit 
the growth of breast cancer cells. 

Reportable Outcomes: 

Publications: 

- Ota S, Hazeki K, Rao N, Lupher Jr. ML, Andoniou CE, Band H. The RING finger 
domain of Cbl is essential for negative regulation of the Syk tyrosine kinase. J. Biol. 
Chem. 2000;275:414-22. 

- Andoniou CE, Lill NL, Thien CB, Lupher ML Jr, Ota S, Bowtell DD, Scaife RM, 
Langdon WY, Band H. The Cbl proto-oncogene product negatively regulates the 
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Src-family tyrosine kinase Fyn by enhancing its degradation. Mol. Cell. Biol. 2000; 
20:851-67. 

Cell lines/Other reagents: 

- Cbl+/+ and Cbl-/- mouse embryonic fibroblast and immortalized T cell lines. 
- Expression constructs of Fyn and its mutants in pAlterMax vector system suitable for 

site-directed mutagenesis 
- Expression constructs of Cbl and its mutants in pSRalphaneo and pAlterMax vector 

systems. 

Funding applied for based on this work: 

The work carried out under this award was part of the preliminary studies that 
formed the basis of following grant proposals submitted by the applicant's mentor, Dr. 
Band. 

- DOD IDEA Award (H. Band, P.I.) Approved for funding 7/2000 - 6/2003; 
Compartmentalized Signaling and Breast Cancer Cell Proliferation 

- NIH ROl grant (H. Band, P.I.) Approved for funding 7/2000 - 6/2005; Tyrosine 
Kinase Regulation via Protein Degradation 

- American Cancer Society Research Grant Competitive Renewal (H. Band, P.I.) 7/2000 
- 6/2002; Src-family tyrosine kinase regulation by Cbl oncoprotein (this grant 
overlaps with NIH ROl grant and is will be declined when NIH ROl is awarded). 

Manuscripts included: 

- Ota S, Hazeki K, Rao N, Lupher Jr. ML, Andoniou CE, Band H. The RING finger 
domain of Cbl is essential for negative regulation of the Syk tyrosine kinase. J. Biol. 
Chem. 2000;275:414-22. 

- Andoniou CE, Lill NL, Thien CB, Lupher ML Jr, Ota S, Bowtell DD, Scaife RM, 
Langdon WY, Band H. The Cbl proto-oncogene product negatively regulates the 
Src-family tyrosine kinase Fyn by enhancing its degradation. Mol. Cell. Biol. 2000; 
20:851-67. 

Conclusions: 

In conclusion, our results implicate Cbl as an important component of the negative 
regulation of the Src-family kinase Fyn and provide evidence that Cbl-dependent regulation is 
achieved via enhanced degradation of Fyn. Given that Cbl is known to associate with many 
members of the Src kinase family, and given the structural conservation among the Src-family 
members, Cbl is likely to be a general negative regulator of Src-family kinases. Additionally, 
these results implicate kinase degradation as a general mechanism by which Cbl functions as a 
negative regulator of tyrosine kinases. 
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Regulation of the Syk Tyrosine Kinase* 
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Satoshi Ota, Kaoru Hazeki, Navin Raot, Mark L. Lupher, Jr.§, Christopher E. Andonioull, 
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The proto-oncogene product Cbl has emerged as a 
negative regulator of a number of protein-tyrosine ki- 
nases, including the ZAP-70/Syk tyrosine kinases that 
are critical for signaling in hematopoietic cells. The evo- 
lutionarily conserved N-terminal tyrosine kinase-bind- 
ing domain is required for Cbl to associate with ZAP-70/ 
Syk and for their subsequent negative regulation. 
However, the role of the remaining C-terminal regions 
of Cbl remains unclear. Here, we used a COS-7 cell re- 
constitution system to address this question. Analysis of 
a series of C-terminally truncated Cbl mutants revealed 
that the N-terminal half of the protein, including the 
TKB and RING finger domains, was sufficient to medi- 
ate negative regulation of Syk. Further truncations, 
which delete the RING finger domain, abrogated the 
negative regulatory effects of Cbl on Syk. Point muta- 
tions of conserved cysteine residues or a histidine in the 
RING finger domain, which are required for zinc bind- 
ing, abrogated the ability of Cbl to negatively regulate 
Syk in COS-7 cells and Ramos B lymphocytic cells. In 
addition, Syk-dependent transactivation of a serum re- 
sponse element-luciferase reporter in transfected 293T 
cells was reduced by wild type Cbl; mutations of the 
RING finger domain or its deletion abrogated this effect. 
These results establish the RING finger domain as an 
essential element in Cbl-mediated negative regulation 
of a tyrosine kinase and reveal that the evolutionarily 
conserved N-terminal half of the protein is sufficient for 
this function. 

The protein product of the proto-oncogene c-cbl has emerged 
as a prominent component of protein-tyrosine kinase (PTK)1- 

* This work was supported in part by National Institutes of Health 
Grants CA64503, CA75075, and CA76118 (to H. B.) and the American 
Cancer Society Grant CIM-89513. The costs of publication of this article 
were defrayed in part by the payment of page charges. This article must 
therefore be hereby marked "advertisement" in accordance with 18 
U.S.C. Section 1734 solely to indicate this fact. 

+ Pre-doctoral fellow of the Howard Hughes Medical Institute. 
§ Present address: ICOS Corp., Bothell, WA 98021. 
11 Department of Defense Breast Cancer Research Program Postdoc- 

toral Fellow. 
** To whom correspondence should be addressed: Smith Bldg., Rm. 

538C, One Jimmy Fund Way, Boston, MA 02115. Tel.: 617-525-1101; 
Fax: 617-525-1010; E-mail: hband@rics.bwh.harvard.edu. 

1 The abbreviations used are: PTK, protein-tyrosine kinase; Cbl-N, 
N-terminal transforming region of Cbl; TKB, tyrosine kinase binding; 
TCR, T cell receptor; ECL, enhanced chemiluminescence; EGFR, epi- 
dermal growth factor receptor; PDGFR, platelet derived growth factor 
receptor; NF-AT, nuclear factor of activated T cells; PAGE, polyacryl- 
amide gel electrophoresis; WT, wild type; aa, amino acid; HA, hemag- 
glutinin; SRE, serum response element; CMV, cytomegalovirus; E2, 
ubiquitin-conjugating enzyme. 

mediated signaling cascades downstream of the activated cell 
surface receptors. These receptors include the T cell receptor 
(TCR), the B cell receptor, Fc receptors, and cytokine receptors 
that activate non-receptor PTKs (1-6). Cbl also functions 
downstream of a number of receptor PTKs, such as the platelet- 
derived growth factor receptor (PDGFR) and the epidermal 
growth factor receptor (EGFR). The N-terminal region of Cbl 
(Cbl-N; aa 1-357), corresponding to sequences retained in the 
v-cbl oncogene, functions as a tyrosine kinase-binding (TKB) 
domain that interacts directly with autophosphorylated PTKs, 
including the lymphocyte antigen receptor-associated Syk and 
ZAP-70 PTKs, and receptor PTKs PDGFR a/ß and EGFR (7- 
14). The recently solved crystal structure has demonstrated 
that the Cbl TKB domain is composed of a four-helical bundle, 
a calcium-binding EF hand, and a variant SH2 domain (15) 
(Fig. 1A). The SH2 domain lacks certain critical loop structures 
and is unable to bind to phosphotyrosine-containing peptides 
on its own. The three constituent domains cooperatively create 
a novel phosphopeptide-binding platform. 

The Cbl polypeptide also contains a numbers of other do- 
mains or motifs as follows: a RING finger domain whose func- 
tion has not been determined; an extensive proline-rich region 
(amino acids 481-690) that provides binding sites for the SH3 
domain of Src family PTKs and the adapter proteins Grb2 and 
Nek (1-6); and a C-terminal leucine zipper that has significant 
homology to ubiquitin-associated domains found in ubiquitin 
machinery enzymes and certain targets (16, 17). Receptor- 
induced phosphorylation of specific tyrosine residues in C-ter- 
minal half of the Cbl protein creates docking sites for the SH2 
domain-containing proteins, such as VAV (Tyr-700), the p85 
subunit of phosphatidylinositol-3 kinase (Tyr-731), and the 
adapter proteins of the Crk family (Tyr-774) (18-20). 

Recently, two additional mammalian Cbl-related genes have 
been cloned. Cbl-b is highly related to Cbl in its primary struc- 
ture and the arrangement of its domains (1, 2, 21). In contrast, 
Cbl-SL (for Cbl-SLI-l-like)/Cbl-3 is more distantly related to 
Cbl and Cbl-b, and its domain structure closely resembles that 
of the Caenorhabditis elegans Cbl homologue SLI-1 (6, 22). 
Both Cbl-SL/Cbl-3 and SLI-1 possess the TKB and RING finger 
domains and a very short proline-rich region but lack the 
remaining C-terminal sequences including the leucine zipper. 
The recently cloned Drosophila Cbl (D-Cbl) contains only the 
TKB and RING finger domains (23, 24). A comparison of all the 
known Cbl family members emphasizes the conservation of the 
TKB and RING finger domain sequences, suggesting that these 
domains may be important for an evolutionarily conserved role 
of this family of proteins (6). 

Recent genetic and biochemical studies have revealed an 
evolutionarily conserved role of the Cbl family proteins as 
negative regulators of tyrosine kinase signaling cascades (1-6, 

414 This paper is available on line at http://www.jbc.org 
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25-28). SLI-1, the C. elegans Cbl homologue, was identified in 
a screen for negative regulators of the LET-23 receptor, a 
homologue of the mammalian EGFR. The loss of function mu- 
tants of SLI-1 were identified as premature termination or a 
single amino acid substitution (G315E) within the TKB domain 
(29). D-Cbl, when expressed as a transgene, was shown to 
negatively regulate the Drosophila EGFR-mediated R7 photo- 
receptor development (23). Importantly, Cbl-deficient mice ex- 
hibit marked hypercellularity in lymphoid organs, increased 
positive selection of CD4-positive thymocyte, and enhanced 
branching of the mammary gland ducts (26, 27). Biochemical 
analyses showed an enhanced TCR-induced tyrosine phospho- 
rylation in Cbl-deficient thymocytes, consistent with loss of 
negative regulation. 

Complementing these in vivo studies, a number of in vitro 
experiments also have demonstrated the negative regulatory 
role of Cbl for PTK signaling pathways and, importantly, have 
pointed to a direct effect of Cbl at the level of PTKs. For 
example, the overexpression of exogenous wild type Cbl in 
various cell types was shown to down-regulate the EGFR and 
PDGFR a/ß signaling cascades, whereas the overexpression of 
oncogenic Cbl mutants had the opposite effects (1-6). Interest- 
ingly, the effects of wild type Cbl on EGFR and PDGFR appear 
to involve an enhancement of their ligand-induced ubiquitina- 
tion, endocytosis, and degradation (28, 30-32). 

Overexpression of Cbl in the RBL-2H3 mast cell line was 
shown to reduce the autophosphorylation and kinase activity of 
co-expressed Syk and inhibit histamine release following FceRl 
ligation (33). Notably, the TKB domain of Cbl binds directly to 
the negative regulatory phosphorylation site within the SH2 
kinase linker region of ZAP-70 (Tyr-292) and Syk (Tyr-323) 
PTKs (11-13). The Tyr -> Phe mutations of these sites render 
ZAP-70 and Syk hyperactive in vivo when expressed in lymph- 
oid cells, whereas the in vitro kinase activity of ZAP-70-Y292F 
was unchanged (34-36). Similar experiments in a COS-7 cell 
system demonstrated that co-expression of Cbl induced a loss of 
the kinase-active pool of Syk, and this effect was accompanied 
by a decrease in the level of Syk protein (12). These studies 
have clearly established a critical role for Cbl in the negative 
regulation of Syk/ZAP-70 PTKs. 

Importantly, a TKB domain-inactivating mutation (G306E), 
corresponding to a loss of function mutation in SLI-1, blocked 
the binding of Cbl to Syk and ZAP-70 PTKs and abrogated the 
Cbl-dependent negative regulatory effect on Syk (11, 12). Con- 
versely, Syk Y323F mutant was resistant to Cbl-induced neg- 
ative regulation (12). Recent studies have demonstrated a sim- 
ilar requirement for the TKB domain in Cbl-mediated negative 
regulation of receptor PTKs (28, 32). However, given the dom- 
inant oncogenic activity of the TKB domain and its ability to 
up-regulate PTK signaling, it is clear that additional C-termi- 
nal sequences in Cbl are required for its negative regulatory 
effect on PTKs. 

In this study, we have used transfection studies in COS-7, 
293T, and Ramos B lymphocytic cells to assess the role of these 
additional sequences in Cbl-dependent negative regulation of 
the Syk PTK. Our results demonstrate that the RING finger 
domain of Cbl is essential for the negative regulation of Syk. 
Furthermore, the N-terminal portion of Cbl, which include the 
TKB and RING finger domains, is sufficient for this function. 
The evolutionary conservation of the Cbl domains that are 
required for negative regulation of Syk suggests that these 
findings should be generalizable to Cbl-dependent negative 
regulation of other PTKs. 

EXPERIMENTAL PROCEDURES 

Cells—COS-7 and 293T cells (American Type Culture Collection) 
were maintained in Dulbecco's modified Eagle's media supplemented 

with 10% fetal calf serum (HyClone), 20 mil HEPES, pH 7.35, 1 mil 
sodium pyruvate, 1 mM non-essential amino acids, 100 units/ml peni- 
cillin, and 100 /xg/ml streptomycin (all from Life Technologies, Inc.). 
Ramos-T cell line was established by electroporating the human surface 
IgM+ B lymphocytic cell line Ramos with the pCMVneo.SVT vector 
(SV40 large T DNA sequences cloned in the pCMVneo vector down- 
stream of the CMV promoter, a gift from Dr. Vimla Band, New England 
Medical Center, Boston). High SV40 T antigen expression was verified 
by immunoprecipitation (data not shown). Ramos-T cell line was main- 
tained as described for Ramos cells (37) with the addition of 500 ng/ml 
G418. 

Antibodies—The following antibodies were used: 4G10 (anti-Tyr(P); 
IgG2a) (38), a gift of Dr. Brian Druker (Oregon Health Science Univer- 
sity, Portland, OR); SPV-T3b (anti-CD3e; IgG2a) (39), a gift of Dr. 
Hergen Spits (Netherlands Cancer Institute, Amsterdam, Nether- 
lands); 12CA5 (anti-influenza hemagglutinin (HA) epitope tag; IgG2b) 
(40); goat anti-human IgM (number 62-7500) from Zymed Laboratories 
Inc. (South San Francisco, CA); anti-Syk (IgG2a, sc-1240), anti-Cbl 
(rabbit polyclonal, sc-170), and anti-TCR-f chain (IgGl, sc-1239) from 
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). 

Expression Plasmids and Site-directed Mutagenesis—The pSRaNeo- 
CD8-f chimera, encoding the extracellular and trans-membrane do- 
mains of human CD8 fused to the cytoplasmic tail of human TCR f 
chain, has been described (11). All Cbl expression constructs use the 
pAlterMAX plasmid backbone with a CMV promoter for mammalian 
cell expression (Promega Corp., Madison, WI). The wild type or mutant 
Cbl proteins were designed to include an N-terminal HA tag. The 
pAlterMAX-HA-Cbl, encoding the wild type Cbl, and pAlterMAX-HA- 
Cbl-G306E encoding its G306E mutant, have been described (11). The 
pAlterMAX constructs encoding the HA-tagged truncation mutants, 
Cbl-655 (aa 1-655), Cbl-480 (aa 1-480), Cbl-436 (aa 1-436), Cbl-421 
(aa 1-421), and Cbl-357 (aa 1-357), were derived by subcloning the 
appropriate fragments from pSRaNeo-based constructs using the 
.BamHI restriction site. Point mutations within the RING finger domain 
were introduced by site-directed mutagenesis in the pAlterMAX-HA- 
Cbl construct using the Altered Sites-II™ mutagenesis system (Pro- 
mega, Madison, WI) according to the manufacturer's protocol. The 
following mutagenic oligonucleotides were used: for mutant C381A/ 
C384A (C1C2), 5'-CTT-ATC-ATT-TTC-AGC-AGC-TAT-TTT-AGC-TAG- 
TTG-GAA-TGT-GGA-3'; for mutant C396A/H398N (C3H), 5'-GGA- 
TGT-GCA-CAT-GAG-GTT-TCC-AGC-GGG-CTC-AAT-CTT-TAC-3'; for 
mutant C401A/C404A (C4C5), 5'-CTG-CCA-GGA-TGT-AAG-AGC- 
GGA-TGT-GGC-CAT-GAG-GTG-TCC-ACA-3'; for mutant C416A/C419A 
(C6C7), 5'-TTT-AAT-TTC-ACA-TCG-GGC-GAA-AGG-AGC-GCC-CTC- 
ACC-TTC-TGA-3'; and for mutant C396A/H398N/C401A/C404A 
(C3HC4C5), 5'-CTG-CCA-GGA-TGT-AAG-AGC-GGA-TGT-GGC-CAT- 
GAG-GTT-TCC-AGC-GGG-CTC-AAT-CTT-TAC-3'. The sequence fidelity 
of all constructs was verified by automated DNA sequencing. 

Transient Expression in COS-7 Cells—COS-7 cells were plated over- 
night and transfected for 6 h using LipofectAMINE™ reagent (Life 
Technologies, Inc.) in Opti-MEM medium (Life Technologies, Inc.), ac- 
cording to the manufacturer's protocol. The medium was then replaced 
with normal COS-7 medium, and the cells were cultured for 48 h. The 
cell monolayers were then washed with cold phosphate-buffered saline 
and lysed on ice in a buffer containing 1.0% Triton X-100 (Fluka), 50 mil 
Tris, pH 7.5, 150 mil sodium chloride, 1 mil phenylmethylsulfonyl 
fluoride, 1 mM sodium orthovanadate, 10 mil sodium fluoride, and 1 
jug/ml each of the protease inhibitors leupeptin, pepstain A, antipain, 
and chymostatin (Sigma). 

Transient Expression and Ramos-T Cell Line Activation—Ramos-T 
cells were transfected by electroporation with 40 /ng of pAlterMAX 
vector per 18 x 106 cells in 300 pX volume. The cells were cultured for 
40 h, washed and resuspended in RPMI 1640 medium at 5 x 106/ml, 
and preincubated at 37 °C for 10 min. Goat anti-human IgM was added 
to a final concentration of 50 /ng/ml. Cells were incubated for the 
indicated time points, washed by adding 4 volumes of cold phosphate- 
buffed saline, and lysed on ice in the same buffer used for COS-7 cells. 

Immunoprecipitation, Gel Electrophoresis, and Immunoblotting— 
Immunoprecipitation was performed as described (9) using protein 
A-Sepharose 4B beads as an immunosorbent (Amersham Pharmacia 
Biotech). The immunoprecipitated proteins and total cell lysates were 
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(PAGE), transferred to polyvinylidene difluoride membranes (Immo- 
bilon-P, Millipore Corp., Bedford, MA), and immunoblotted with the 
indicated antibodies as described (11). Protein A-horseradish peroxi- 
dase (Cappel-Oreganon Technika, Durham, NC) was used as a second- 
ary reagent for blotting. Blots were visualized using the enhanced 
chemiluminescence (ECL) and exposed to film (NEN Life Science Prod- 
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ucts). Blots were stripped and reprobed as described (12). Photographs 
were generated by direct scanning of films using a Hewlett-Packard 
ScanJet 4c™ scanner and Corel Draw™ version 6 software. Densitom- 
etry was carried out on directly scanned images using Scionlmage for 
Windows™ software. 

In Vitro Kinase Assay—Anti-Syk antibody immunoprecipitations of 
COS-7 cells lysates were prepared using 15 ju.1 of protein A-Sepharose 
beads. The beads were washed six times with the lysis buffer and twice 
with the kinase assay buffer (50 mil HEPES, pH 7.35, 0.1 mM EDTA, 
and 0.015% Brij 35). The beads were then transferred to new tubes, 
resuspended in 10 /il of kinase dilution buffer (50 mM HEPES, pH 7.35, 
0.1 mM EDTA, 0.015% Brij 35, 0.1 mg/ml bovine serum albumin, and 
0.2% 2-mercaptoethanol), and mixed with 4 /ng of Raytide substrate 
(Calbiochem) in 10 /J of kinase assay buffer. The reaction was started 
by adding 10 /^l of ATP mix, containing 0.15 mM ATP, 30 mM MgCl2, and 
200 fiCi/ml [y-32P]ATP in kinase assay buffer, and incubation was 
carried out at 30 °C for 30 min. The supernatant was applied on a P81 
Whatman paper disc that was washed six times in 0.5% phosphoric 
acid. The radioactivity incorporated into Raytide remaining on the disc 
was measured by Cerenkov counting. The bead-bound autophosphory- 
lated Syk was resolved by SDS-PAGE, and fixed-dried gels were used 
for autoradiography. 

Luciferase Assay—1 x 105 293T cells were plated per well of a 6-well 
dish overnight and then transfected with a plasmid containing egr-1- 
derived serum response element (SRE) fused to firefly luciferase re- 
porter gene (a gift of Dr. K. Alexandropoulos, Columbia University, 
New York) using the calcium phosphate method (41). In addition, cells 
were transfected with the appropriate Cbl and Syk constructs. At 48 h 
post-transfection, the cells were washed once with ice-cold phosphate- 
buffered saline and lysed with Cell Culture Lysis Reagent (Promega 
Corp., Madison, WI), and lysate protein concentrations were deter- 
mined by Bradford assay. SRE luciferase activity was determined using 
a Monolight 3010C luminometer (Analytical Bioluminescence Labora- 
tory Inc., San Diego, CA) and Luciferin Reagent (Promega Corp., 
Madison, WI). 

RESULTS 

The N'-terminal Region of Cbl, Including the TKB and RING 
Finger Domains, Is Sufficient for Negative Regulation of 
Syk—We have previously demonstrated that an intact TKB 
domain in Cbl and its cognate binding site in Syk are both 
required for Cbl-dependent negative regulation of Syk (12). 
However, the isolated TKB domain is dominantly oncogenic 
and induces an up-regulation of signaling through PTKs such 
as the PDGFRa (10). These findings suggested that additional 
C-terminal sequences in Cbl are required for its negative reg- 
ulatory effect on PTK. To identify the additional domains or 
regions of Cbl that are necessary for negative regulation of 
PTKs, we generated a series of C-terminal truncation mutants 
of Cbl (Fig. 1A) and assessed their effect on Syk. 

First, we determined if all of the truncation mutants were 
expressed as stable proteins and whether these proteins asso- 
ciated with Syk, the latter signifying an intact TKB domain. 
For this purpose, COS-7 cells were co-transfected with expres- 
sion plasmids encoding Syk, CD8-f (as a scaffold) and various 
truncation mutants of Cbl. The lysates of transfected cells were 
immunoblotted directly with anti-HA (for HA-tagged Cbl pro- 
teins) and anti-Syk antibodies. Each of the truncation mutants 
of Cbl was expressed as a polypeptide of expected relative 
mobility in SDS-PAGE (Fig. IB, top panel), and all of the 
Syk-transfected cells expressed the Syk protein (Fig. IB, mid- 
dle panel). When cell lysates were immunoprecipitated with 
anti-HA antibody and subjected to anti-Syk immunoblotting, 
Syk was found to co-immunoprecipitate with the wild type 
HA-Cbl, and this association was drastically reduced by the 
TKB domain-inactivating mutation G306E (Fig. IB, bottom 
panel, lanes 3 and 4), as expected from previous studies (12). 
Importantly, the co-immunoprecipitation analysis revealed 
that each of the Cbl truncation mutants associated with Syk 
(Fig. IB, bottom panel, lanes 5-9). 

To assess the functional effects of the truncation mutants of 
Cbl on Syk, COS-7 cells were transfected with Syk and CD8-f, 
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FIG. 1. Expression of truncation mutants of Cbl and their as- 
sociation with Syk in transfected COS-7 cells. A, schematic repre- 
sentation of truncation mutants of Cbl in comparison to the wild type 
protein (Cbl-WT). TKB, tyrosine kinase-binding domain; RF, RING 
finger domain; PRO, proline-rich region; LZ, leucine zipper. The num- 
ber designation for each mutant indicates the Cbl residue that consti- 
tutes the C terminus in the mutant protein. B, the expression of Cbl 
truncation mutants and their association with Syk in transfected 
COS-7 cells. 4 X 105 COS-7 cells per 60-mm dish were plated overnight 
and then transfected using the LipofectAMINE method. Each plate 
received 0.5 jug of pSRaNeo-CD8-f, 0.05 jxg of pAlterMAX-Syk, and 1 jug 
of the indicated pAlterMAX constructs encoding the HA-tagged wild 
type Cbl (WT), the CM-G306E mutant (G306E), or the various trunca- 
tion mutants of Cbl. Total input DNA was kept constant using the 
pAlterMAX vector. Cell lysates were prepared after 48 h, and anti-HA 
immunoprecipitations were carried out from 800 ixg of lysate. Whole cell 
lysates (50 /xg in top panel and 10 jug in middle panel) or immunopre- 
cipitated proteins (bottom panel) were resolved by SDS-PAGE and 
transferred to polyvinylidene difluoride membranes. The membranes 
were immunoblotted with anti-HA epitope tag 12CA5 (top panel) and 
anti-Syk (middle and bottom panels) antibodies. Blots were visualized 
using the ECL method. Arrows on right indicate the positions of Cbl or 
its mutants and the Syk polypeptide. 

together with graded amounts of Cbl expression plasmids, and 
whole cell lysates were analyzed by anti-Tyr(P) and anti-Syk 
immunoblotting. As expected (12), co-expression of increasing 
amounts of wild type Cbl resulted in a dose-dependent decrease 
in the tyrosine phosphorylation signal on Syk (Fig. 2, top panel, 
lanes 2-5), as well as a decrease in the level of Syk protein (Fig. 
2,2nd panel, lanes 2-5). In addition, the phosphorylation of the 
in vivo substrate CD8-f was reduced in a Cbl dose-dependent 
manner. All of these effects were eliminated by the G306E 
mutation in Cbl (Fig. 2, lanes 6-8), as anticipated (12). Densi- 
tometric analysis of Syk protein and phosphotyrosine signals 
indicated that loss of Syk phosphotyrosine signal was largely 
due to loss of protein (data not shown). 

A reduction of Syk phosphorylation and protein levels as well 
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Transfected    f Syk: A r 

FIG. 2. The effects of truncation mu- 
tants of Cbl on the kinase-active pool 
of Syk. COS-7 cells were transfected as in 
Fig. IB with 0.5 pig of pSRaNeo-CD8-f, 
0.05 pig Syk, and the indicated amounts 
(pig) of pAlterMAX expression constructs 
encoding the HA-tagged wild type Cbl 
(WD, CM-G306E mutant (G306E), or the 
truncation mutants of Cbl. Total input 
DNA was kept constant using the pAlter- 
MAX vector. 10-pig(top and 2nd panels) or 
50-ptg (3rd and bottom) aliquots of whole 
cell lysates, prepared 48 h after transfec- 
tion, were subjected to immunoblotting 
with anti-Tyr(P) (top panel), anti-Syk 
(2nd panel), anti-HA epitope tag (3rd 
panel), or anti-TCR-f chain (bottom panel) 
antibodies, and the blots were visualized 
using the ECL method. Arrows on right 
indicate the positions of Cbl or its mu- 
tants and the Syk polypeptide. The CD8-f 
chimera is indicated by a bracket or by an 
arrow. 
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as a reduction in the CD8-f phosphorylation were observed 
upon co-expression with Cbl-655, Cbl-480, or Cbl-436 (Fig. 2, 
lanes 9-17). Significantly, the Cbl-421 and Cbl-357 mutants 
failed to have such effects (Fig. 2, lanes 18-23). The deletion in 
Cbl-421 follows immediately after the last conserved cysteine 
in the RING finger domain (Cys-419), whereas the Cbl-436 
mutant encodes conserved sequences following the RING fin- 
ger domain (Fig. 1A, also see Fig. 3A). These results demon- 
strate that, in addition to the TKB domain, residues 358-436 
of Cbl are required for negative regulation of Syk and that 
further C-terminal sequences are dispensable in the present 
system. Interestingly, the tyrosine phosphorylation of trunca- 
tion mutants of Cbl was undetectable except for Cbl-421. This 
finding is consistent with recent results that the predominant 
Syk phosphorylation sites in Cbl are Tyr-700, Tyr-731, and 
Tyr-774 (20), which are absent in the truncation mutants. A 
detectable level of tyrosine phosphorylation on Cbl-421, to- 
gether with a lack of detectable phosphorylation on Cbl-357 
and Cbl-436 mutants, suggests that normally cryptic tyrosine 
residues may be exposed in this mutant, possibly due to mis- 
folding of the RING finger domain. 

The RING Finger Domain of Cbl Is Essential for Negative 
Regulation of Syk—The analyses presented above indicated 
that the evolutionarily conserved region of Cbl, including the 
RING finger domain and the immediate surrounding se- 
quences (Fig. 3A), was involved in the negative regulation of 
Syk PTK. To assess directly the role of the RING finger domain 
itself, we introduced substitution mutations in the zinc-coordi- 
nating residues of the RING finger domain (Fig. 3B). Previous 
nuclear magnetic resonance studies of the RING finger do- 
mains of the immediate-early protein of equine herpesvirus 
(42) and the acute promyelocytic leukemia proto-oncoprotein 
(43) have demonstrated an essential role of the two zinc atoms 
in stabilizing the RING finger domain structure. Substitution 
mutations were designed to prevent the coordination of the 
first (C1C2 and C4C5), the second (C3H and C6C7), or both 
(C3HC4C5) zinc atoms (Fig. 3, A and B). 

First, we determined if all of the RING finger domain mu- 
tants were expressed as stable proteins and whether these 
proteins associated with Syk. For this purpose, COS-7 cells 
were co-transfected with expression plasmids encoding Syk, 
CD8-f, and various RING finger domain mutants of Cbl, and 

lysates of transfected cells were analyzed by anti-HA (for HA- 
tagged Cbl proteins) and anti-Syk immunoblotting. Each of the 
RING finger domain mutants of Cbl was expressed as a stable 
protein with SDS-PAGE mobility similar to that of the wild 
type Cbl (Fig. 3C, top panel), and all of the Syk-transfected cells 
expressed the Syk protein (Fig. 3C, middle panel). When cell 
lysates were immunoprecipitated with anti-HA antibody and 
subjected to anti-Syk immunoblotting, each of the RING finger 
domain mutants of Cbl was found to co-immunoprecipitate 
with Syk, similar to the association of Syk with the wild type 
Cbl (Fig. 3C, bottom panel, lanes 4-9). Thus, the RING finger 
domain mutants retained an intact TKB domain. 

To assess the effects of the Cbl RING finger domain mutants 
on Syk, COS-7 cells were transfected with CD8-f and Syk 
together with graded amounts of plasmids encoding the RING 
finger domain mutants, and lysates of transfected cells were 
analyzed by anti-Tyr(P) and anti-Syk immunoblotting. As ex- 
pected, the expression of wild type Cbl, but not Cbl-G306E, led 
to a dose-dependent decrease in the phosphorylation and pro- 
tein level of Syk. Significantly, none of the RING finger mu- 
tants tested was capable of decreasing the phosphorylation and 
protein level of Syk. In fact, a Cbl dose-dependent increase in 
the Syk phosphorylation and protein level was observed in 
lysates of cells transfected with RING finger mutants, even 
though the levels of mutant Cbl proteins were similar to or 
lower than those of the wild type Cbl (Fig. 4A, top and bottom 
panel, lanes 9-23). The level of tyrosine phosphorylation on 
transfected RING finger domain mutant Cbl proteins was also 
higher compared with that on wild type Cbl or on the Cbl- 
G306E mutant (Fig. 4A, top and middle panel, lanes 9-23). 

To characterize further the effect of the RING finger domain 
mutants on Syk, an in vitro kinase assay was performed on 
anti-Syk immunoprecipitates. The kinase activity was quanti- 
fied by assessing [-y-32P]ATP incorporation into the Raytide 
peptide substrate as well as by autoradiographic assessment of 
the autophosphorylation of Syk (Fig. 4, B-D). 

As anticipated, the co-expression of Syk with wild type Cbl 
led to a Cbl dose-dependent decrease in the level of Raytide 
phosphorylation as well as Syk autophosphorylation, whereas 
the Cbl-G306E mutant did not have these effects (Fig. 4, B-D). 
In contrast, a dose-dependent increase in the Syk kinase activ- 
ity was observed in immunoprecipitates derived from COS-7 
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FIG. 3. Expression of RING finger 
mutants of Cbl and their association 
with Syk in transfected COS-7 cells. 
A, alignment of the amino acid sequences 
of the RING finger domain and adjacent 
regions among members of the Cbl family. 
cbl-SLIcbl-3, a recently cloned mamma- 
lian gene with domain structure similar 
to that of SLI-1 (6, 22); SLI-1, C. elegans 
Cbl homologue; D-Cbl, Drosophila Cbl ho- 
mologue. Note the absolute conservation 
of seven cysteine residues and one histi- 
dine (bold) that are predicted to coordi- 
nate the two zinc atoms. The sequence 
identities are indicated by shading. B, 
schematic representation of the RING fin- 
ger domain substitution mutants of Cbl. 
C1-C7 represent conserved cysteine resi- 
dues, and H represents the histidine. 
Substitutions to either alanine (A) or as- 
paragine (N) were made at the indicated 
positions. C, expression of the RING fin- 
ger domain mutants of Cbl and their as- 
sociation with Syk in transfected COS-7 
cells. COS-7 cells transfected as in Fig. 
Iß. Each plate received 0.5 /ng of 
pSRaNeo-CD8-f, 0.05 fig of Syk, and 1 jig 
of the indicated pAlterMAX construct en- 
coding the HA-tagged wild type Cbl (WT), 
CM-G306E mutant (G306E), or the indi- 
cated RING finger domain mutants of Cbl 
(see B for nomenclature). Total input 
DNA was kept constant using the pAlter- 
MAX vector. Cell lysates were prepared 
48 h post-transfection, and anti-HA im- 
munoprecipitations were carried out from 
800 )xg of lysate. Whole cell lysates (50 jug 
in top panel and 10 jug in middle panel) or 
immunoprecipitated proteins (bottom 
panel) were subjected to immunoblotting 
with anti-HA (top panel) and anti-Syk 
(middle and bottom panels) antibodies. 
Blots were visualized using the ECL 
method. Arrows on right indicate the po- 
sitions of Cbl or its mutants and the Syk 
polypeptide. 
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cells transfected with the RING finger domain mutants of Cbl. 
This enhancement was revealed in both Raytide phosphoryla- 
tion (1.6-2.2-fold increase compared with 84% maximal reduc- 
tion with wild type Cbl) and autophosphorylation assays (1.7- 
2.2-fold increase compared with 60% maximal reduction with 
wild type Cbl) (Fig. 4, B-D). Together with the results of Fig. 
4A, the in vitro kinase assays directly demonstrated that the 
RING finger domain mutants of Cbl had lost the ability to 
reduce the kinase-active pool of Syk in transfected COS-7 cells. 

The RING Finger Domain Is Required for Cbl to Inhibit the 
Syk-dependent SRE Reporter Transactivation—By having de- 
fined the Cbl RING finger domain as a critical element for 
Cbl-dependent negative regulation of Syk activity, we wished 
to examine the consequences of this regulation on a distal 
readout of PTK activation. For this purpose, we examined the 
effects of wild type Cbl and various Cbl mutants on the trans- 
activation of the serum response element (SRE) derived from 
egr-1 gene and linked to a luciferase reporter (41). Attempts to 
perform this assay in COS-7 cells were unsuccessful as a Syk- 
dependent increase in the transactivation of the SRE luciferase 
was not detected (data not shown). Therefore, these analyses 
were performed in 293T cells that have been previously used to 
assess the PTK-dependent transactivation of the SRE (41). 

293T cells were transfected with Syk, CD8-f, and the SRE 
luciferase reporter with or without various Cbl constructs. The 
luciferase activity in cell lysates was analyzed and expressed as 
a fold increase over the activity observed in cells that expressed 
no exogenous Syk or Cbl (Mock); the latter represents a value 

of 1. Expression of Syk resulted in a 3-3.6-fold induction of the 
SRE luciferase activity compared with that in mock-trans- 
fected cells (Fig. 5). Significantly, the co-expression of the wild 
type Cbl reduced the SRE luciferase activity by 45%, and this 
effect was abrogated by the G306E mutation, consistent with 
the critical role of the TKB domain (12). A significant reduction 
of the SRE luciferase activity was observed upon co-expression 
of Cbl-436, consistent with its effects on the levels of Syk 
phosphorylation and protein levels (Fig. 2). In contrast, Cbl 
proteins with further truncation (Cbl-421 and Cbl-357) or spe- 
cific RING finger domain mutations (C3HC4C5 and C1C2) 
failed to exert any inhibitory effects on the SRE luciferase 
activity; in fact certain mutants (e.g. Cbl-421 and Cbl-357) led 
to an enhancement of the SRE luciferase reporter activity. 
These results in the 293T transfection system further establish 
that, in addition to the TKB domain, an intact RING finger 
domain is required for Cbl-dependent negative regulation of 
the Syk PTK. 

The RING Finger Domain of Cbl Is Required for Regulation 
of the Protein Level of Syk in Human B-lymphoma Cell Line 
Ramos upon Anti-IgM Stimulation—To confirm the effects of 
Cbl on Syk PTK levels observed in COS-7 and 293T reconsti- 
tution systems in a more physiological setting, we utilized the 
Ramos B-lymphocytic cell line. These cells have been widely 
used to assess B-lymphocyte receptor signaling in which Syk 
plays as essential role (44). To allow transient expression, we 
first generated an SV40 T antigen-expressing derivative of this 
line designated Ramos-T. These cells were transfected with 
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FIG. 4. The effects of Cbl RING fin- 
ger mutants on the kinase active pool 
of Syk. A, COS-7 cells were transfected 
with 0.5 ng of pSR<*Neo-CD8-f and 0.05 
ixg of pAlterMAX-Syk and the indicated 
amounts of various HA-Cbl constructs 
(/ng) in pAlterMAX vector as in Fig. 3B. 
Cell lysates were prepared 60 h post- 
transfection. 10- (top and middle panels) 
or 50-/xg (bottom panel) aliquots of whole 
cell lysates were subjected to immuno- 
blotting with anti-Tyr(P) (top panel), anti- 
Syk (middle panel), or anti-HA (bottom 
panel) antibodies and visualized using the 
ECL method. The Cbl construct designa- 
tions are as shown in Fig. 3B. Arrows on 
right indicate the positions of Cbl or its 
mutants and the Syk polypeptide. ♦, Cbl 
WT; ■. Cbl G306E; A, C1C2; D, C3H; A, 
C4C5; •, C6C7; [irco], C3HC4C5. B-D, 
anti-Syk immunoprecipitations were car- 
ried out from 800 jug of the same lysates 
as used in A. Immunoprecipitated Syk 
proteins were subjected to an in vitro ki- 
nase reaction in the presence of the sub- 
strate Raytide. After 30 min incubation at 
30 °C, the supernatant was used to meas- 
ure the incorporation of 32P-labeled ATP 
into Raytide using Cerenkov counting. 
The values of Raytide phosphorylation 
were plotted as a ratio to that in the sam- 
ple without Cbl (value of 1) and are shown 
in B. The autophosphorylated Syk protein 
bound to protein A-Sepharose was re- 
solved by SDS-PAGE and detected by au- 
toradiography (C). Densitometric quanti- 
fication analysis of Syk bands shown in C 
was carried out and is plotted as relative 
level of Syk auto-phosphorylation in D. 
The values without Cbl co-expression 
were taken as 1. 
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either pAlterMAX, pAlterMAX-HA-Cbl, or pAlterMAX-HA- 
Cbl-C3HC4C5C6, and lysates of transfected cells were pre- 
pared with or without anti-IgM stimulation for various time 
points. These lysates were analyzed by anti-Syk and anti-Cbl 
immunoblotting. Both the wild type HA-Cbl and HA-Cbl- 
C3HC4C5, the RING finger domain mutant, were equally ex- 
pressed and expressed at about a 10-fold higher level compared 
with the endogenous Cbl protein (Fig. 6A). A small but repro- 
ducible decrease in Syk protein levels was observed in Ramos-T 
cells stimulated with anti-IgM but not in unstimulated cell 
incubated under identical conditions. Notably, the overexpres- 
sion of wild type Cbl enhanced the activation-induced decrease 
in Syk protein levels (46% maximal reduction compared with 
14% maximal reduction in MOCK-transfected, Fig. 6, B and C). 
Importantly, the RING finger mutant was incapable of enhanc- 
ing the loss of Syk protein. This result confirms the observation 
in COS-7 cells that the Cbl protein regulates the level of acti- 
vated Syk and the RING finger domain of Cbl is essential for 
this regulation. 

DISCUSSION 

The Cbl proto-oncogene product has emerged as a potential 
negative regulator of both receptor and non-receptor tyrosine 
kinases, including the Syk/ZAP-70 PTKs that play essential 
roles in lymphocyte antigen receptor signal transduction and 
provide eminent models of non-receptor PTK-mediated cellular 
activation (1, 2, 6, 45, 46). Here, we demonstrate that, in 
addition to the previously reported role of the TKB domain, the 
RING finger domain of Cbl is essential for its negative regula- 
tory effect on the Syk PTK. Furthermore, the evolutionarily 
conserved N-terminal half of Cbl, incorporating the TKB and 
RING finger domains, is sufficient for Cbl-dependent negative 
regulation of Syk. Whereas the primary biochemical evidence 
for our conclusion comes from the heterologous COS-7 cell 
expression system, in which the co-expression of wild type Cbl 
decreases the protein level of Syk, these findings were further 
confirmed by assessing a distal readout of Syk activation in 
293T cells and assessment of Syk protein levels in Ramos 
human B lymphocytic cells. In general, the data in these two 
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Transfected 
DNA: 

FIG. 5. The RING finger domain is essential for the inhibitory 
effect of Cbl on Syk tyrosine kinase-dependent transactivation 
of the SRE luciferase reporter. 1.0 x 10s 293T cells were plated per 
well of a 6-well dish. After overnight culture, the cells were transfected 
using the calcium-phosphate transfection method. Each well received 1 
fig of the SRE luciferase reporter together with either the vector alone 
(Mock) or 0.01 jig of the pAlterMAX-Syk plasmid with or without 0.6 jug 
of the pAlterMAX constructs encoding the wild type HA-Cbl (Cbl-WT) 
or its mutants. Cell lysates were prepared 48 h post-transfection. The 
luciferase activity was determined on equal aliquots of cell lysates, and 
results are expressed as a fold increase relative to the mock transfec- 
tant (no Cbl or Syk). Data points represent the mean ± 1 S.D. of 5 
replicate transfections. 

cell systems are complementary. However, whereas the RING 
finger domain mutants increased both phosphorylation and 
protein levels of Syk in COS-7 cells, we did not see an enhance- 
ment of SRE luciferase activity in 293T system. Nonetheless, 
the inhibitory effect of Cbl on Syk was abrogated by the RING 
finger mutations in both systems. 

Notably, the RING finger domain and the immediate flank- 
ing sequences represent the most conserved region among Cbl 
family proteins, more so than even the TKB domain that was 
previously demonstrated to be essential for Cbl function. The 
RING finger domain, originally identified in RING (Really In- 
teresting Novel Gene)-1, a polypeptide of unknown function, 
has now been identified in over 80 proteins (47, 48). Recent 
studies have implicated this domain as an important element 
in the function of various proteins. For example, mutations 
designed to inactivate the zinc binding ability of the RING 
finger domain severely reduced the transforming activity of the 
leukemia-derived chimeric oncogene rfplret in which the RING 
finger from rfp gene is fused to the tyrosine kinase domain of 
Ret receptor (49). Similarly, point mutations or deletion of the 
N-terminal RING finger domain of Siah-1 protein abrogated its 
ability to promote proteolysis of the DCC (deleted in colon 
cancer) tumor suppressor protein (50). Our analyses provide a 
clear example of a critical role played by the RING finger 
domain in the biological function of Cbl as a negative regulator 
of PTKs. Recent findings indicate that the RING finger do- 
mains may mediate binding of ubiquitin-conjugating enzymes 
(E2s) (51), suggesting that the Cbl RING finger domain might 
recruit E2 components of the ubiquitination machinery to tar- 
get tyrosine kinases. Interestingly, Cbl fusion proteins could 
enhance the ubiquitination of EGF receptor in vitro in whole 
rabbit reticulocyte lysate, and the RING finger was required for 
this effect (52). 

How might the RING finger domain contribute to Cbl func- 
tion? At present, there is no general paradigm for the role of 
RING finger domains. Given their occurrence in a large array 
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FIG. 6. The effects of Cbl RING finger mutants on Syk protein 
levels in Ramos-T cells. 18 x 106 Ramos-T cells were transfected with 
40 jxg of pAlterMAX vector alone (MOCK), pAlterMAX constructs en- 
coding wild type HA-Cbl (WT), or C3HC4C5 HA-Cbl mutant. Cells were 
washed 40 h post-transfection, resuspended in RPMI 1640 medium at 
5 x 106/ml, and incubated in the presence or absence of 50 /xg/ml 
anti-IgM for various time points as indicated at top. Cell lysates were 
prepared at each time point, and 50-ju.g aliquots of whole cell lysates 
were subjected to immunoblotting with anti-Cbl (A) or anti-Syk (B) 
antibodies. Blots were visualized using the ECL method. C, the protein 
levels of Syk in B were analyzed by densitometric quantification and 
plotted as relative Syk protein level. The Syk level time 0 was assigned 
a value 1. 

of proteins with diverse functions, domain structures, and sub- 
cellular localization, the RING finger domain is likely to be an 
independent structural module. By analogy to other modular 
domains found in signaling proteins, it is reasonable to suggest 
that the RING finger domains may mediate protein-protein, 
protein-lipid, or other molecular interactions. However, a 
shared ligand for the RING finger domains has not been iden- 
tified to date. Interestingly, a related two zinc atom-coordinat- 
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ing domain in the early endosome antigen protein, the FYVE 
domain, binds to phosphatidylinositol-3-OH kinase product 
PIP3 (53), and the RING finger domain of promyelocytic leu- 
kemia proto-oncoprotein associates with the E2-like ubiquitin- 
conjugating enzyme, UBC9 (54). Further studies are clearly 
warranted to determine if the RING finger domain of Cbl and 
other proteins provide an interface for similar interaction with 
other macromolecules. 

Given recent findings on the effects of Cbl on receptor PTKs, 
a potential role of the RING finger domain in linking Cbl to 
ubiquitination and/or proteasomal pathway appears plausible. 
Cbl overexpression leads to enhanced ubiquitination, down- 
regulation from the cell surface, and degradation of the PDGFR 
and EGFR (28, 30, 31). These effects require the TKB domain, 
and experiments in the EGFR system indicate that the TKB 
domain alone is not sufficient, suggesting the role of additional 
Cbl sequences. Given the evolutionary conservation of the 
RING finger domain, it is likely to play a role in Cbl-dependent 
ubiquitination and down-regulation of receptor PTKs. Whether 
or not the reduction in Syk protein levels observed in the COS-7 
cell system is a reflection of such a mechanism remains to be 
determined. 

Previous studies have revealed that the naturally occurring 
70Z/3 Cbl mutant, with deletion of aa 366-382 (in the human 
equivalent), is oncogenic and induces the up-regulation of 
PDGFR and EGFR signaling as well as the NF-AT luciferase 
reporter transactivation in transfected T cells (10, 55-57). This 
mutant associates with Syk but fails to negatively regulate it 
(data not shown), suggesting the possibility that the deletion in 
this mutant may have disrupted the function of the RING 
finger domain. Notably, the deletion in this mutant includes 
the first cysteine residue that is expected to participate in zinc 
coordination. 

Surprisingly, truncation analyses in the COS-7 cell reconsti- 
tution system revealed that the C-terminal sequences (residues 
437-906) were dispensable for the negative regulation of Syk 
by Cbl. These effects were confirmed in 293T cells using the 
SRE luciferase reporter assay. These findings suggest that the 
negative regulatory function of Cbl on PTKs may not require 
the sequences present in the C-terminal half of the protein. 
These findings are in line with the negative regulatory effects 
of SLI-1 and D-Cbl on the EGFR. Notably, D-Cbl is structurally 
an equivalent of the minimal Syk inhibitory region of Cbl 
identified here. These finding lead us to suggest that the re- 
duction of the kinase-active pool of PTKs may be a core function 
of Cbl proteins that is mediated through the N-terminal region, 
which includes the TKB and RING finger domains. However, 
the interactions mediated via the C-terminal sequence may 
modify this core function. For example, mutation of the tyro- 
sine phosphorylation sites accentuated the phenotype of 70Z/3 
Cbl mutant to transactivate the NF-AT luciferase reporter in 
transfected Jurkat cells, suggesting a role for these sites in the 
negative regulatory effect of Cbl. However, further studies are 
needed to understand better the mechanism by which the in- 
teraction of the C-terminal part of Cbl might influence Cbl 
function and the manner in which these interactions might 
affect the function of the more conserved N-terminal domains. 

In conclusion, our studies provide evidence that the RING 
finger domain of Cbl is essential for the negative regulation of 
Syk PTK and that the RING Finger and TKB domains together 
are sufficient for this function. These findings, together with 
the evolutionary conservation of the TKB and the RING finger 
domains, define the elements of Cbl family proteins that are 
crucial for their core function as negative regulators of PTKs. 
Further studies designed to assess the biochemical function(s) 
of the RING finger domain are likely to yield clues about the 

mechanism of negative regulation of PTKs by the Cbl family 
proteins. 
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Fyn is a prototype Src-family tyrosine kinase that plays specific roles in neural development, keratinocyte 
differentiation, and lymphocyte activation, as well as roles redundant with other Src-family kinases. Similar to 
other Src-family kinases, efficient regulation of Fyn is achieved through intramolecular binding of its SH3 and 
SH2 domains to conserved regulatory regions. We have investigated the possibility that the tyrosine kinase 
regulatory protein Cbl provides a complementary mechanism of Fyn regulation. We show that Cbl overex- 
pression in 293T embryonic kidney and Jurkat T-lymphocyte cells led to a dramatic reduction in the active pool 
of Fyn; this was seen as a reduction in Fyn autophosphorylation, reduced phosphorylation of in vivo substrates, 
and inhibition of transcription from a Src-family kinase response element linked to a Iuciferase reporter. 
Importantly, a Fyn mutant (FynY528F) relieved of intramolecular repression was still negatively regulated by 
Cbl. The Cbl-dependent negative regulation of Fyn did not appear to be mediated by inhibition of Fyn kinase 
activity but was correlated with enhanced protein turnover. Consistent with such a mechanism, elevated levels 
of Fyn protein were observed in cell lines derived from Cbl_/_ mice compared to those in wild-type controls. 
The effects of Cbl on Fyn were not observed when the 70ZCbl mutant protein was analyzed. Taken together, 
these observations implicate Cbl as a component in the negative regulation of Fyn and potentially other 
Src-family kinases, especially following kinase activation. These results also suggest that protein degradation 
may be a general mechanism for Cbl-mediated negative regulation of activated tyrosine kinases. 

Activation of protein tyrosine kinases in response to engage- 
ment of cell surface receptors by their ligands is a common 
mechanism to control cellular events such as proliferation and 
differentiation. Autophosphorylation of tyrosine kinases and 
subsequent phosphorylation of key intracellular signaling pro- 
teins are the earliest detectable events following activation of a 
variety of receptors and are required for transcriptional events 
that ultimately mediate cellular responses (71, 72). Therefore, 
precise regulation of tyrosine kinases is critical to avoid inap- 
propriate cellular responses to extracellular cues. 

The protein product of the c-cbl proto-oncogene has 
emerged as a prominent component of tyrosine kinase-medi- 
ated signal transduction cascades (reviewed in references 33 
and 42). Phosphorylation of the Cbl protein follows the en- 
gagement of a variety of cell surface receptors that either 
possess a cytoplasmic tyrosine kinase domain or are nonco- 
valently linked to cytoplasmic or membrane-anchored tyrosine 
kinases. Furthermore, Cbl associates with a number of cellular 
signaling proteins, including tyrosine kinases themselves. The 
C-terminal portion of Cbl (Cbl-C) is primarily responsible for 
mediating protein-protein interactions. This region encodes a 
large proline-rich segment (amino acids 481 to 690) which 
contains multiple potential SH3 domain-binding sites that me- 
diate the interactions of Cbl with proteins such as Grb2 and 
Nek (14,18,37,38,58). Cbl-C also encompasses the major sites 
of Cbl tyrosine phosphorylation (Y700, Y731, and Y774), 
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1101. Fax: (617) 525-1010. E-mail: hband@rics.bwh.harvard.edu. 

t Present address: ICOS Corp., Bothell, WA 98021. 

which function as docking sites for SH2 domain-containing 
proteins, such as Vav guanine nucleotide exchange factor, the 
Crk family of adapter proteins, and the p85 subunit of phos- 
phatidylinositol 3-kinase (16, 42). Thus, the Cbl-C region me- 
diates both constitutive associations with SH3 domain-contain- 
ing proteins and activation-induced associations with SH2 
domain-containing proteins. 

The N-terminal portion of Cbl has been highly conserved 
throughout evolution, implying that it is important for Cbl 
function. This region includes a RING finger domain and a 
more N-terminal region (Cbl-N, amino acids 1 to 357), which 
corresponds to sequences that are retained in the v-cbl onco- 
gene. Cbl-N is sufficient to transform NIH 3T3 cells (5, 27). 
Recent studies have demonstrated that Cbl-N associates di- 
rectly and selectively with a number of autophosphorylated 
tyrosine kinases (reviewed in reference 42), and is therefore 
referred to as the tyrosine kinase-binding (TKB) domain. The 
TKB domain has recently been shown to consist of a four-helix 
domain, an EF hand, and an incomplete SH2 domain, which 
together create a phosphotyrosine-binding platform (41). 

Genetic and biochemical analyses have implicated Cbl as a 
negative regulator of tyrosine kinases. Initial evidence for this 
idea came from studies of vulval development in Caenorhab- 
ditis elegans. A Cbl homologue, SLI-1, was identified in a 
screen for negative regulators of the LET-23 receptor, a ho- 
mologue of the mammalian epidermal growth factor receptor 
(EGFR) (78). A single-amino-acid substitution within the TKB 
domain homology region of SLI-1, Gly 315 Glu, abolished its 
ability to function as a negative regulator of LET-23 (78). 
Similarly D-Cbl, the Drosophila homologue of Cbl, was shown 
to negatively regulate R7 photoreceptor development, which is 
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FIG. 1. Role of the Cbl proline-rich region and Fyn SH3 domain in Cbl-Fyn association in vivo. (A) 293T cells in 100-mm tissue culture dishes were transfected 
with the AprM8 expression vector encoding Fyn (0.5 u,g), with or without pSRaneo expression vectors (0.5 \x.g) encoding HA-tagged Cbl constructs. Cell lysates were 
prepared 48 h after transfection, and 1-mg aliquots of lysate were subjected to immunoprecipitation (i.p.) with anti-HA or anti-Fyn antibodies as indicated. Immune 
complexes were resolved by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted with anti-HA (middle panel) or anti-Fyn (top and bottom panels) 
antibodies. (B) 293T cells were transfected with the indicated pAlterMAX-Fyn constructs (0.1 \x,g), with or without pAlterMAX-HA-Cbl (1 u.g). Anti-HA immuno- 
precipitations (i.p.) were carried out with 200 (ig of cell lysate protein. Immune complexes or 15 p.g of whole-cell lysate proteins were resolved by SDS-PAGE, 
transferred to a PVDF membrane, and blotted with the indicated antibodies. 

also mediated through an EGFR signaling pathway (39). Fur- 
ther in vivo evidence for the negative regulatory role of Cbl 
comes from the phenotype of CbP/_ mice, which exhibit hy- 
percellularity in the lymphoid organs and enhanced branching 
of the mammary gland ducts (45). These analyses are comple- 
mented by a number of in vitro studies that have firmly estab- 
lished that Cbl can function as a negative regulator of the 
receptor tyrosine kinases EGFR, platelet-derived growth fac- 
tor receptor a and ß (PDGFRa and PDGFRß), as well as 
non-receptor tyrosine kinases of the ZAP70/Syk family (6, 30, 
34, 43). A naturally occurring Cbl mutant, 70ZCbl, is unable to 
exert an inhibitory effect on tyrosine kinases and is in fact 
highly oncogenic when overexpressed in NIH 3T3 cells (3). 
70ZCbl is identical to wild-type Cbl with the exception of a 
17-amino-acid deletion (amino acids 366 to 382), suggesting 
that the RING finger or surrounding areas are critical for Cbl 
function. Indeed, RING finger mutations markedly reduced 
the inhibitory effect of Cbl on EGFR and Syk (49a, 73). 

The mechanism by which Cbl mediates its negative regula- 
tory effects on tyrosine kinases is still unclear. Interestingly, 
studies with COS cells have revealed that coexpression with 
Cbl resulted in a reduction of Syk protein levels, concurrent 
with a loss of the active pool of this kinase (34). Recent studies 
suggest a related mechanism of Cbl-induced negative regula- 
tion of receptor tyrosine kinases. Overexpression of Cbl re- 
sulted in enhanced ligand-induced ubiquitination and subse- 
quent degradation of PDGFRa and EGFR, and monocytes 
from CbP/_ mice showed reduced ligand-induced ubiquitina- 
tion and turnover of the CSF-1 receptor (29-31, 43, 73). Taken 
together, these results suggest that Cbl may act to terminate 
signals from activated tyrosine kinases by promoting their re- 
moval from the cell surface and enhancing their degradation. 

All of the tyrosine kinase targets of Cbl examined thus far 
associate with Cbl in a strictly activation-dependent manner. In 
contrast, Cbl associates with several members of the Src family 
of tyrosine kinases prior to cellular activation (14, 17, 18, 35, 
51, 54, 56, 67, 70). The Src family of kinases is composed of at 

least nine members that are involved in the regulation of di- 
verse cellular functions (11, 32). N-terminal myristoylation, 
which is required for biological activity, targets all Src-family 
kinases to the inner face of the cell membrane, positioning 
them for signal transduction downstream of transmembrane 
receptors (55). Gene-targeting experiments have implicated 
Src-family kinases as being critical in the development and 
activation of lymphocytes and other hematopoietic cell lin- 
eages, as well as in the regulation of osteoclast function and in 
neural development (11, 32). To date, the role of Cbl as a 
potential regulator of Src-family kinases has not been assessed. 

The Src-family kinases exhibit a conserved primary structure 
comprising an N-terminal myristoylation signal, adjacent SH3 
and SH2 domains, a kinase domain, and a negative regulatory 
tyrosine within the C-terminal tail which is phosphorylated by 
the C-terminal Src kinase (Csk) (11, 32). Given their wide- 
spread expression and the multitude of cellular processes in 
which they play important roles, regulation of Src kinases has 
been an area of intense research. The importance of precise 
regulation of these enzymes is further underscored by the fact 
that mutational activation of their kinase activity often con- 
verts them into potent oncogenes (12). 

A general paradigm of Src-family kinase regulation has 
emerged from the large body of mutational analysis, together 
with the recent crystallization of the Src, Hck, and Lck proteins 
(60, 75, 77). According to this model, Src-family kinases are 
maintained in an inactive or closed conformation by intramo- 
lecular binding of the SH3 domain to the SH2-kinase linker 
region, in conjunction with the SH2 domain binding to a phos- 
phorylated tyrosine residue in the C-terminal tail (60, 75). It is 
hypothesized that activation signals communicated by nonco- 
valently associated transmembrane receptors lead to the un- 
folding of the molecule, concurrently promoting the active 
conformation of the kinase and releasing the SH2 and SH3 
domains for protein-protein interactions. Consistent with this 
model, certain inactivating point mutations in the SH3 or SH2 
domains can significantly enhance kinase activity (59). Further- 
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more, expression of high-affinity SH3 domain-binding ligands 
(e.g., the Nef protein of human immunodeficiency virus type 1 
HIV-1) or mutations within the SH2-kinase linker that abolish 
intramolecular SH3 domain binding increase the kinase activ- 
ity of Hck, Src, and Lck (7, 21, 44). Similarly, deletion or 
substitution of the negative regulatory tyrosine within the car- 
boxyl tail results in enhanced kinase activity and oncogenic 
activation of all Src-family kinases examined (23, 24). 

The current paradigm of Src-family kinase regulation does 
not address a number of important biological issues. Given 
that Src-family kinases are constantly present in a milieu of 
accessible SH3 domain-binding ligands, what mechanisms pre- 
vent their activation in the absence of extracellular signals? 
Additionally, once activated, how are Src-family kinases either 
returned to their basal state or eliminated? It is quite likely 
that cells use additional regulatory mechanisms that, in con- 
junction with the intramolecular associations, fine-tune the 
levels of active versus repressed species of Src-family kinases. 
Given the ability of Cbl to associate with a number of Src- 
family kinases (2, 14, 17, 18, 48, 51, 54, 56, 67, 70) and its 
evolutionarily conserved role as a negative regulator of ty- 
rosine kinases, we have explored the hypothesis that Cbl may 
provide one regulatory mechanism that complements the in- 
tramolecular regulation of Src-family kinases. This hypothesis 
was tested by using the Fyn tyrosine kinase, since Cbl-Fyn 
complexes have been demonstrated in vivo and Cbl is known to 
be an excellent substrate for Fyn (16). Furthermore, Fyn is 
known to be physiologically important in a number of cellular 
functions. For example, Fyn-deficient mice exhibit defects in 
neural development and keratinocyte differentiation, suggest- 
ing a role for Fyn in these cells (9, 63, 76). While lymphocyte 
development and function were essent' illy normal in Fyn"/_ 

or Lynw~ animals but defective in Lck-/~ animals, more se- 
vere defects were observed when the Fyn and Yes genes (64), 
or the Fyn and Lck genes (22, 50), were both disrupted. These 
findings suggest an important role for Fyn in lymphocyte acti- 
vation that is functionally redundant with that of other Src- 
family kinases. 

Here, we provide direct evidence that Cbl functions as a 
negative regulator of Fyn. Using a transient-overexpression 
system in 293T cells, we demonstrate that Cbl can function as 
a negative regulator of both the wild-type Fyn and its activated 
mutant, FynY528F, which has been relieved of intramolecular 
repression. This inhibition is achieved by enhancing the rate of 
Fyn protein turnover. The results obtained with 293T cells 
were confirmed by expressing Cbl and Fyn proteins in Jurkat 
T-lymphocytic cells, and increased Fyn protein levels were 
detected in cell lines derived from Cbl_/~ mice compared to 
control cells. These results lead us to suggest that one mech- 
anism for down regulating the activity of Fyn is Cbl-dependent 
degradation of the activated tyrosine kinase. This mechanism is 
likely to complement the basal repression achieved via in- 
tramolecular interactions. Given the prominent association of 
Cbl with other Src-family members and the conservation of 
structure in this family of proteins, Cbl is likely to function as 
a general negative regulator for Src-family kinases. 

MATERIALS AND METHODS 

Cells. 293T is a human embryonic kidney epithelial cell line expressing the 
simian virus 40 (SV40) large T antigen. The cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM; Life Technologies, Gaithersburg, Md.) con- 
taining 10% fetal bovine serum (FBS), 20 mM HEPES, 1 mM sodium pyruvate, 
1 mM nonessential amino acids, 100 U of penicillin per ml, and 100 U of 
streptomycin per ml (all from Life Technologies). JMC-T, an SV40 large T- 
antigen-expressing derivative of the Jurkat-JMC T-lymphocytic cell line, was 
maintained in RPMI 1640 with 10% FBS as described previously (35). 

Generation of Obi-deficient cell lines. T-cell lines were established from Cbl- 
deficient mice and normal littermates (45) by intraperitoneal injection of new- 
born mice with Moloney murine leukemia virus supernatants provided by J. W. 
Hartley and H. C. Morse III (National Institutes of Health, Bethesda, Md.). The 
T-cell lymphomas were subsequently cultured by plating in 24-well dishes at 
107/ml in RPMI 1640 supplemented with 10% FBS, 20 mM HEPES, 1 mM 
sodium pyruvate, 1 mM nonessential amino acids, 100 U of penicillin per ml, and 
100 U of streptomycin per ml. 

Primary embryo fibroblasts were established from 13.5-day-old embryos by 
using standard procedures and culture conditions (20). The cells were main- 
tained in alpha minimal essential medium supplemented with 10% FBS, 20 mM 
HEPES, 1 mM sodium pyruvate, 1 mM nonessential amino acids, 100 U of 
penicillin per ml, and 100 U of streptomycin per ml. 

Antibodies. The antibodies used in this work were mouse monoclonal antibody 
(MAb) 4G10 (antiphosphotyrosine) (15) (a gift of Brian Druker, Oregon Health 
Sciences University, Portland, Oreg.), MAb SPV-T3b (anti-CD3e) (62), MAb 
12CA5 (anti-influenza virus hemagglutinin [HA] epitope tag) (74), MAb 6B10.2 
(anti-£ chain) (Santa Cruz Biotechnology, Santa Cruz, Calif.), the FYN3 rabbit 
polyclonal anti-Fyn antibody (Santa Cruz Biotechnology), rabbit polyclonal anti- 
Cbl antibody C15 (Santa Cruz Biotechnology), and a rabbit anti-p44/42 mitogen- 
activated protein (MAP) kinase antibody 9102 (New England BioLabs, Beverly, 
Mass.). 

Expression constructs and site-directed mutagenesis. The pSRaNeo-CD8-t 
chimera construct, encoding human CD8 extracellular and transmembrane do- 
mains fused to the T-cell receptor I cytoplasmic tail, and pSRaNeo-HA-Cbl and 
pAlterMAX HA-Cbl constructs, encoding HA-tagged wild-type Cbl protein, 
have been described previously (36). The pSRaNeo-HA-CblA472-540 (from 
which the sequences encoding amino acids 472 to 540 are absent) and pSRaNeo- 
HA-CMA540-645 (from which the sequences encoding amino acids 540 to 645 
are absent) constructs were created by subcloning Cbl cDNA sequences from the 
corresponding pJZenNeo expression constructs (4). The SRE-luciferase reporter 
construct containing the Egr-1 serum response element linked to the firefly 
luciferase gene (1) was provided by K. Alexandropoulos (Department of Phar- 
macology, Columbia University, New York, N.Y.). The cDNA for murine FynT 

was obtained from R. Perlmutter (Howard Hughes Medical Institute, University 
of Washington, Seattle) and was subcloned into the pAlterMAX expression 
vector at the £coRI restriction site. Constructs encoding Fyn proteins with 
inactivating amino acid substitutions in the SH3 (P134V) or SH2 (R176K) 
domain or in both domains (P134V/R176K) (57) were provided by A. Shaw 
(Washington University School of Medicine, St. Louis, Mo.) and were direction- 
ally cloned into pAlterMAX by using the Xhol and Smal sites. The pAlterMAX- 
FynTY528F mutant was generated by site-directed mutagenesis of the pAlter- 
MAX-FynT construct, using the Altered Sites-II mammalian mutagenesis system 
(Promega Corp., Madison, Wis.) as specified by the manufacturer. The muta- 
genic oligonucleotide was 5'-CAC CGG GCT GAA ACT GGG GCT CT-3'. All 
constructs were verified by DNA sequencing. 

Transient transfection of cell lines and preparation of lysate. 293T cells were 
seeded into 100-mm tissue culture dishes 12 to 16 h prior to transfection, such 
that the cells were 10 to 20% confluent at the time of transfection. The cells were 
transfected by a modified version of the calcium phosphate method (10). Where 
appropriate, input doses of the cytomegalovirus promoter were equalized among 
transfections by using the pAlterMAX vector, and 10 u,g of pBluescript plasmid 
DNA (Stratagene, La Jolla, Calif.) was added to each transfection reaction 
mixture as a carrier. The amounts of the specific DNA constructs used for each 
experiment are indicated in the appropriate figure legends. Culture medium was 
replaced 12 to 14 h following the addition of DNA precipitates, and cells were 
harvested 48 h posttransfection. JMC-T cells were transfected with the indicated 
amounts of expression plasmids by the electroporation method as previously 
described (34). The cells were lysed 48 h posttransfection. Cell lysates were 
prepared with Triton X-100 lysis buffer (50 mM Tris [pH 7.5], 150 mM sodium 
chloride, 0.5% Triton X-100) supplemented with 1 mM phenylmethylsulfonyl 
fluoride, 1 \s,g each of leupeptin, pepstatin, antipain, and chymostatin per ml, 1 
mM sodium orthovanadate, and 10 mM sodium fluoride. The concentration of 
lysate proteins was determined by the Bradford protein assay (Bio-Rad Labo- 
ratories, Hercules, Calif.) with bovine serum albumin as the standard. 

Immunoprecipitation and immunoblotting. The procedures for immunopre- 
cipitation and immunoblotting were described previously (54). The amount of 
lysate protein and the type of antibodies used for each experiment are indicated 
in the relevant figure legends. Resolved proteins were transferred to polyvinyli- 
dene difluoride (PVDF) membranes (Immobilon-P; Millipore, Bedford, Mass.). 
Following incubation of membranes with the indicated primary antibodies, 
horseradish peroxidase-conjugated protein A or horseradish peroxidase-conju- 
gated anti-mouse antibodies (Cappel/Organon Teknika Corp., West Chester, 
Pa.) were used as secondary reagents. Detection was performed by enhanced 
chemiluminescence with the Renaissance Western Blot Chemiluminescence Re- 
agent Plus kit (NEN Life Science Products, Inc., Boston, Mass.). Where indi- 
cated, membranes were stripped and reprobed with additional antibodies as 
previously described (54). Figures were prepared by direct scanning of films with 
a Hewlett Packard ScanJet 4c scanner and Corel Draw version 6 software. Fyn 
protein levels were quantified with the Scionlmage program (version beta 3b) 
and are expressed relative to the signal observed with the smallest amount of 
input DNA for a particular construct. 



854 ANDONIOU ET AL. MOL. CELL. BIOL. 

B 

Transfected Fyn (ng) 
DNA:    [HA-CM 

175— 

83- 

62- 
Lysate 

anti-Tyr(P)blot 
47- 

32- 

Lysate 
anti-HAblot 

Lysate 
anti-Fyn blot 

Relative Fyn 
Level 

Lysate 
anti-C, blot 

Lane 

Fyn FynY528F 
  25 50 100 25   50  100 25   50 100 25 50  100 

- + — + — + 

-Cbl 

.p62 
■Fyn 

■CD8< 

• iMM»4Mttfe  -$^   HU i 

1.0   2.1   3.2   1.0    1.8 2.3   1.0   1.6  2.0  0.3   0.5  1.0 

CD8<P 
CD8< 

£>16 
I 14 
< 12 
§10 
£  8 
Ü 

3   6 
> 4 
I   2 

^ Q/& 

4    5    6    7     8    9    10   11   12   13   14 
FynY528F 

HA-Cbl (ng) 
— + + + + + 
0 0 50 100 200 500 

Transfected [Fyn 
LG 

Lysate 
anti-HA blot 

Relative Fyn i 
Level     l 

Lysate 
anti-Fyn blot 

Fyn Fyn FynY528F FynY528F 
+ — + 

—     — 

1.0 1.0 1.1 0.4 0.6 0.5 1.0 1.0 1.0 0.2 0.2 0.1 

Lane: 1 2   3   4   5   6   7   8    9   10 11 12 13 14 15 

Transfected fFynY528F^~3 

DNA:     |    Cbl (ng) |~Ö 

Lysate 
anti-HA blot 

+ + + + + 
0 0 50 100 200 500 

*mm **•;.'»(•   »semi*)-  . 

Relative Fyn Level 

Lysate 
anti-Fyn blot 

1.01.0 1.00.80.80.7 0.70.60.60.40.40.50.30.30.3 

Lane 1    2  3   4   5 6   7  8   9  10 11 12 13 14 15 16 17 

FIG. 2. Overexpression of Cbl decreases the phosphorylation of in vivo Fyn substrates, reduces the steady-state pools of Fyn proteins, and inhibits the Fyn- or 
FynY528F-dependent transactivation of an SRE-luciferase reporter. (A) 293T cells were transfected with the indicated amounts of pAlterMAX-Fyn or FynY528F and 
0.5 u.g of pSRaneo-CD8-£, with or without the pAlterMAX-HA-Cbl expression construct (1 |xg). Cell lysates were prepared 48 h posttransfection, and 15-u.g aliquots 
of cell lysate were resolved by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted with the indicated antibodies. Fyn protein levels were determined 
as described in Materials and Methods. This experiment was performed three times, with similar results in each case. (B) 293T cells were transfected with the 
SRE-luciferase reporter construct (5 |xg), together with pSRaneo-CD8-£ (0.5 M-g), pAlterMAX-Fyn or FynY528F (0.1 u,g), and pAlterMAX-HA-Cbl (1 ug) expression 
plasmids as indicated. At 48 h posttransfection, the cells were lysed and equal amounts of protein were used to assay luciferase activity. Results are shown as the mean 
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Pulse-chase analysis of protein turnover. 293T cells in 100-mm tissue culture 
dishes were transfected with the appropriate DNA constructs by using the cal- 
cium phosphate technique. At 48 h posttransfection, the cells were rinsed with 
methionine-free DMEM and methionine starved for 1 h at 37°C by incubation in 
methionine-free DMEM supplemented with 2% dialyzed FBS. The cells were 
then pulse-labeled for 45 min at 37°C by incubation with 250 u.Ci of 
EXPRE35S35S labeling mix (NEN/DuPont, Boston, Mass.) per ml. They were 
washed in DMEM, cultured in chase medium (DMEM, 10% FBS, 3 mg of 
L-methionine per ml) for the indicated times, and lysed as described above. 
Anti-Fyn immunoprecipitations were performed on 600 u,g of protein from cells 
expressing Fyn alone; 715 u.g of protein was used from cells expressing Fyn plus 
Cbl, FynY528F, or FynY528F plus Cbl; and 225 u.g of protein from each trans- 
fectant was used for anti-CD8£ immunoprecipitates. Bound proteins were re- 
solved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and transferred to a PVDF membrane. Radiolabeled proteins were 
detected by autoradiography with BIOMAX-MR film (Eastman Kodak Co., 
Rochester, N.Y.). The signals for radiolabeled proteins were quantified with the 
Scionlmage program (version beta 3b). Finally, the membrane was immunoblot- 
ted with anti-Fyn or anti-£ antibodies to evaluate steady-state protein levels of 
Fyn and CD8-?. 

Luciferase assays. 293T cells were transfected by the calcium phosphate 
method with an SRE-luciferase reporter construct and the appropriate Cbl and 
Fyn constructs, as described in the figure legends. At 48 h posttransfection, the 
cells were lysed with cell culture lysis reagent (Promega Corp.) and lysate protein 
concentrations were determined by the Bradford assay. SRE-luciferase activity 
was determined by using a Monolight 3010C luminometer (Analytical Biolumi- 
nescence Laboratory Inc., Cockeysville, Md.) and Luciferin reagent (Promega 
Corp.). For Jurkat JMC-T cells, the cells were transfected with the appropriate 
constructs by electroporation as described previously (34). Cells were cultured 
for 24 h and then seeded in V-bottom 96-well plates in replicates of five for each 
stimulation condition (2 X 105 cells/well). The cells were stimulated for 6 h at 
37°C with medium alone, anti-CD3 antibody (1:2,000 dilution of SpV:T3b as- 
cites), or 50 ng of phorbol myristate acetate (PMA) per ml plus 1 u.g of iono- 
mycin per ml (Sigma Chemical Co., St. Louis, Mo.). Following stimulation, cell 
lysates were prepared and the SRE-luciferase activity present in each lysate 
sample was determined as described above. 

In vitro kinase assay. The kinase activity of the Fyn pool associated with Cbl 
or 70ZCM was determined by immunoprecipitation of Cbl proteins with the 
12CA5 anti-HA MAb. Bound proteins were washed five times in lysis buffer 
before being resuspended in kinase assay buffer (50 mM HEPES [pH 7.5], 0.01% 
Brij 35, 15 mM MgCl2, 0.06% ß-mercaptoethanol, 5 u-g of Raytide substrate 
[Oncogene Research Products, Cambridge, Mass.]). The reaction was started by 
the addition of an ATP mix containing 0.05 mM unlabeled ATP and 10 u.Ci of 
[732P]ATP (6,000 Ci/mmol; NEN/DuPont). The reaction was allowed to proceed 
for 30 min at 30°C and was stopped by the addition of 2.5 volumes of 20% 
phosphoric acid. Half the reaction mixture was applied to P81 cation-exchange 
chromatography paper (Watman, England). The cation-exchange paper was 
washed five times in 0.5% phosphoric acid, allowed to dry, and counted with a 
Packard 1600TR liquid scintillation counter. A nonphosphorylatable Raytide 
substrate (in which the tyrosine has been replaced by leucine) (Oncogene Re- 
search Products) was used as a negative control. 

RESULTS 

In vivo association of Cbl with Fyn. Previous studies have 
shown that both the SH3 and SH2 domains of Src-family ki- 
nases can bind to Cbl in vitro (14,17,18,55). Furthermore, Cbl 
is basally associated with Fyn and other Src-family kinases, and 
this association increases upon cell surface receptor stimula- 
tion (2, 54, 70). These results suggest that both the SH3 and 
SH2 domains of Src-family kinases contribute to the in vivo 
association of the kinases with Cbl; however, this has not been 
demonstrated experimentally. Therefore, we first attempted to 
define the regions of Cbl and Fyn that are required for their in 
vivo association. 

For this purpose, 293T cells were mock transfected or trans- 
fected with Fyn, with or without the indicated HA-tagged Cbl 

mutants. At 48 h posttransfection, the cells were lysed and 
HA-tagged Cbl proteins were immunoprecipitated. Immuno- 
precipitates were resolved by SDS-PAGE and immunoblotted 
with anti-Fyn antibodies to detect the coimmunoprecipitated 
Fyn protein (Fig. 1A, top panel). As expected, Fyn was found 
in complex with Cbl when the two proteins were coexpressed in 
293T cells (lane 4). In this transient-expression system, approx- 
imately 25% of the expressed Fyn protein could be detected in 
association with Cbl, as determined by coimmunoprecipitation 
experiments (data not shown). Fyn protein was not detected in 
anti-HA immunoprecipitates of mock-transfected cells (lane 1) 
or cells transfected with HA-Cbl or Fyn alone (lanes 2 and 3, 
respectively), demonstrating the specificity of the association. 
A mutant form of Cbl, in which a segment of the proline-rich 
region had been deleted (A472-543), was also able to associate 
with Fyn (lane 5). Significantly, a second proline-rich region 
deletion mutant (A543-640) exhibited reduced ability to asso- 
ciate with Fyn (lane 6). The region of Cbl deleted in this 
mutant does not contain any known Fyn phosphorylation sites 
(16), and when this mutant was coexpressed with Fyn, its phos- 
phorylation was not reduced (data not shown). These obser- 
vations strongly suggest that one mechanism for in vivo asso- 
ciation of Cbl with Fyn involves the Fyn SH3 domain binding 
to one or more motifs within the distal part of the Cbl proline- 
rich region. 

To test whether the Fyn SH3 domain was required for the 
Fyn-Cbl interaction, we analyzed the in vivo association of 
various Fyn mutants with wild-type Cbl (Fig. IB). Wild-type 
HA-Cbl was transfected into 293T cells together with Fyn 
constructs bearing single-amino-acid substitutions which in- 
activate the ligand-binding capability of the SH3 domain 
(FynSH3*), the SH2 domain (FynSH2*), or both (FynSH37 
2*). Anti-HA immunoprecipitates of these transfectants were 
immunoblotted with an anti-Fyn antibody to assess the ability 
of the various Fyn mutants to associate with Cbl (Fig. IB, top 
panel). While inactivation of the SH2 domain alone did not 
detectably affect the association of Fyn with Cbl (compare lane 
8 with lane 4), inactivation of the SH3 domain markedly re- 
duced the Fyn-Cbl association (compare lane 6 with lane 4). 
Association of the FynSH3*/SH2* double mutant with Cbl was 
minimal (lane 10). These results further establish the predom- 
inance of the Fyn SH3 domain/Cbl proline-rich region inter- 
action as a molecular mechanism for in vivo Fyn-Cbl associa- 
tion. However, the SH2 domain of Fyn appears to play a role, 
albeit minor, in the Fyn-Cbl association. 

Fyn or FynY528F activity and protein levels are reduced by 
Cbl coexpression. A prediction of the Src-family kinase repres- 
sion model, invoking SH3 and SH2 domain-mediated intramo- 
lecular associations, is that engagement of these domains by 
their cognate ligands will result in activation of the kinase. 
Results from coexpression of HIV Nef protein and a fragment 
of the cellular SH3-binding protein Sin support this prediction 
(1, 7, 44). Since a Fyn-Cbl complex is easily detectable in 
resting lymphocytes, in which Fyn is presumably inactive, we 
wished to determine the effect of Cbl coexpression on Fyn 
activity. Initially, we compared the effect of Cbl on wild-type 

and 1 standard deviation (SD) based on five replicate transfections, and are expressed relative to the luciferase activity of the mock transfectant, which was arbitrarily 
set at 1. (C) Fyn and Cbl protein expression from panel B was determined by separating 7.5-u.g aliquots of three replicates by SDS-PAGE, transferring them to a PVDF 
membrane, and immunoblotting with the appropriate antibodies. Relative Fyn protein levels are shown above the Fyn immunoblot. (D) 293T cells were transfected 
with pAlterMAX-FynY528F (0.1 u-g), pSRctneo-CD8-£ (0.5 u,g), and the SRE-luciferase (5 u-g) constructs, along with the indicated amounts of pAlterMAX-HA-Cbl. 
At 48 h posttransfection, the cells were lysed and SRE-luciferase activity was measured as in panel B. Results are shown as the mean and 1 SD based on five replicate 
transfections and are expressed relative to the luciferase activity of the mock transfectant, which was arbitrarily set at 1. (E) Aliquots (15 u-g) of the cell lysates used 
in panel D were resolved by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted with either anti-HA (top panel) or anti-Fyn (bottom panel) antibodies. 
The relative Fyn protein levels are shown above the Fyn immunoblot. Tyr(P), phosphotyrosine. 
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FIG. 3. 70ZCbl enhances Fyn autophosphorylation, phosphorylation of in vivo substrates, and SRE-luciferase transactivation. (A) The indicated amounts of 
pAlterMax-Fyn and 0.5 u.g of pSRcmeo-CD8-£ were transfected into 293T cells, either alone or in the presence of 1 u.g of pAlterMax-HA-Cbl or pAlterMAX-HA- 
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Fyn with that on the FynY528F mutant. In this mutant, the 
negative regulatory carboxyl tail tyrosine 528 has been mutated 
to phenylalanine, and the protein is thereby relieved of its 
intramolecular negative regulation and is constitutively active 
(24). 

The effect of Cbl on Fyn was tested by transfecting increas- 
ing amounts of Fyn expression plasmids into 293T cells, in the 
presence or absence of a constant amount of Cbl plasmid. To 
provide an in vivo substrate for Fyn, a CD8-£ chain chimera 
construct was also cotransfected. Lysates of these cells were 
prepared at 48 h posttransfection and analyzed by antiphos- 
photyrosine immunoblotting (Fig. 2A, top panel). Relatively 
little tyrosine phosphorylation of cellular proteins or the 
CD8-£ chimera was observed in lysates of mock-transfected 
cells (lane 1) or cells transfected with Cbl alone (lane 2). As 
anticipated, transfection of increasing amounts of Fyn or 
FynY528F expression plasmid led to the expression of increas- 
ing amounts of Fyn protein (third panel from top, lanes 3 to 5 
and 9 to 11). Expression of Fyn or FynY528F proteins resulted 
in prominent tyrosine phosphorylation of three species (top 
panel, lanes 3 to 5 and 9 to 11): transfected Fyn, the CD8-£ 
chimera, and a 62-kDa endogenous substrate (p62) whose 
identity is unknown. Phosphorylation of all three proteins in- 
creased as Fyn expression levels increased. Coexpression of a 
fixed amount of Cbl along with Fyn or FynY528F resulted in 
prominent Fyn-dependent phosphorylation of the expressed 
Cbl protein. In contrast, tyrosine phosphorylation of Fyn itself, 
the CD8-£ chimera, and p62 were dramatically reduced (top 
panel, compare lanes 3 to 5 with 6 to 8 and lanes 9 to 11 with 
12 to 14). While levels of the CD8-£ protein did not appear to 
be affected by Cbl expression (bottom panel, lanes 3 to 5 and 
6 to 8), protein levels of both Fyn and FynY528F were reduced 
by Cbl overexpression (third panel from top, lanes 3 to 8 and 
9 to 14). Densitometric analysis indicated that FynY528F pro- 
tein levels were reduced 2- to 3.3-fold by Cbl coexpression 
while a less pronounced effect was observed on wild-type Fyn 
(0.3-fold). 

The effect of Cbl on Fyn tyrosine kinase-dependent cellular 
signaling was then assessed in a reporter assay with the SRE 
from the early growth response gene 1 promoter linked to the 
firefly luciferase gene (1). Src-family kinases enhance gene 
transcription regulated via this element (53), and the SRE- 
luciferase reporter assay has been used as a measure of Src- 
family kinase activation in vivo (1). 

293T cells were transfected with Fyn or FynY528F, alone or 
in combination with Cbl, or were mock transfected. Each trans- 
fection was performed in replicates of five, and luciferase ac- 
tivity was determined 48 h posttransfection. As previously 
observed with other Src-family kinases (1), expression of wild- 
type Fyn led to a small but reproducible increase in SRE- 
luciferase activity compared to mock-transfected cells while 
FynY528F expression induced a 14-fold increase in SRE-lucif- 
erase activity (Fig. 2B). Significantly, both Fyn- and FynY528F- 
induced SRE-luciferase activity could be suppressed by Cbl 
coexpression. Expression of Cbl alone had no effect on SRE- 

luciferase activity (data not shown; see Fig. 3C). Lysates from 
this experiment were also analyzed by immunoblotting to de- 
termine the relative levels of Fyn expression. As observed in 
Fig. 2A, Cbl expression caused a reduction in the protein levels 
of both Fyn and FynY528F that mirrored the reduction in 
SRE-luciferase activity (Fig. 2C, bottom panel). 

Finally, a titration experiment was performed in which 293T 
cells were transfected with FynY528F alone or with increasing 
amounts of the pAlterMAX-Cbl expression construct. The ex- 
pression of FynY528F produced an 11-fold increase in SRE- 
luciferase activity relative to the mock transfectant (Fig. 2D). 
Coexpression of increasing amounts of wild-type Cbl with 
FynY528F led to a dose-dependent reduction in SRE-lucif- 
erase activity (Fig. 2D). Analysis of cell lysates by anti-Fyn 
immunoblotting revealed that Fyn protein levels decreased 
(Fig. 2E, bottom panel) as Cbl protein levels increased (Fig. 
2E, top panel), again mirroring the reduction in SRE-lucif- 
erase activity. This series of experiments indicates that coex- 
pression of Cbl results in a decrease in the activity of the 
Src-family kinase Fyn in vivo and, surprisingly, that the reduc- 
tion in Fyn activity is accompanied by a reduction in steady- 
state Fyn protein levels. Thus, in contrast to previously exam- 
ined SH3 domain ligands that induce Fyn activation, Cbl 
causes Fyn suppression. Furthermore, this effect was more 
pronounced with FynY528F, suggesting that the effect of Cbl is 
independent of the intramolecular mechanism of Fyn regula- 
tion. 

An oncogenic mutant form of Cbl is incapable of inhibiting 
Fyn activity in vivo. We next performed a series of experiments 
in which the effect of wild-type Cbl on Fyn was compared to 
that of 70ZCbl. 70ZCM is a mutant with a 17-amino-acid 
(amino acids 366 to 382) deletion near the N-terminal bound- 
ary of the RING finger domain. This form of Cbl is acutely 
transforming when overexpressed in NIH 3T3 cells and dereg- 
ulates endogenous tyrosine kinase-mediated signaling cascades 
in a number of systems (3, 4, 6, 69). 

Wild-type Cbl or 70ZCbl was expressed in 293T cells either 
alone or with increasing amounts of pAlterMax-Fyn expression 
construct, as indicated in Fig. 3A. As noted above, phosphor- 
ylation of the CD8-£ chimera and the p62 substrate increased 
as the amount of Fyn construct transfected was increased 
(lanes 1 to 4). Coexpression of Cbl induced a significant re- 
duction in the amount of phosphorylated Fyn signals and in the 
phosphotyrosine signals of CD8-£ and p62 (lanes 6 to 8). Re- 
duced Fyn protein levels again accompanied the decrease in 
phosphotyrosine signal (top and third panels, compare lanes 2 
to 4 with lanes 6 to 8). Conversely, coexpression of 70ZCbl 
caused an increase in the level of CD8-£ and Fyn tyrosine 
phosphorylation. This was particularly obvious at the smallest 
amounts of input Fyn construct (compare lanes 2 and 10). 
Phosphorylation of the p62 substrate was still reduced by 
70ZCbl coexpression. A possible explanation for this finding is 
that binding of p62 substrate via the Fyn SH3 domain may be 
required for phosphorylation to take place. Therefore, overex- 
pression of 70ZCbl would be able to reduce the amount of Fyn 

70ZCM. Aliquots (10 u.g) of cell lysates were separated by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted with the indicated antibodies. Relative 
Fyn protein levels were determined as described in Materials and Methods. (B) Lysates (250 u.g) from panel A (lanes 1, 4, 5, 8, 9, and 12) were subjected to anti-HA 
immunoprecipitation (i.p.). Bound proteins were separated by SDS-PAGE, transferred to a PVDF membrane, and blotted with either anti-HA or anti-Fyn antibodies. 
(C) 293T cells were transfected with the SRE-luciferase reporter construct (5 ng), pSRaneo-CD8-i; (0.5 u,g), and the indicated combinations of pAlterMAX-Fyn (0.1 
u,g), pAlterMAX-HA-Cbl, or pAlterMAX-HA-70ZCbl (1 u.g) expression plasmids. At 48 h posttransfection, the cells were lysed and equal amounts of protein were 
used to assay luciferase activity. Luciferase activity was determined, and the results were expressed relative to the luciferase activity of the mock transfectant, which 
was arbitrarily set at 1. Results represent the mean and 1 SD of five replicate transfections. (D) Aliquots (10 (xg) of the cell lysates used in panel C were resolved by 
SDS-PAGE, transferred to a PVDF membrane, and immunoblotted with either anti-HA (top panel) or anti-Fyn (bottom panel) antibodies. Relative Fyn protein levels 
are shown above the anti-Fyn immunoblot. Tyr(P), phosphotyrosine. 
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available to interact with p62 via the Fyn SH3 domain with a 
concomitant reduction in phosphorylation of p62. Significantly, 
no reduction in Fyn protein levels was observed following 
70ZCM coexpression. To ensure that the observed differences 
were not due to the inability of 70ZCbl to bind Fyn, a coim- 
munoprecipitation experiment was performed on the lysates 
used in the experiment in Fig. 3A (lanes 1, 4, 5, 8, 9, and 12). 
Cbl protein was immunoprecipitated with an anti-HA anti- 
body, and bound proteins were analyzed by anti-Fyn or an- 
ti-HA immunoblotting (Fig. 3B). Fyn was found to be associ- 
ated with both Cbl and 70ZCbl. Indeed, more Fyn was 
associated with 70ZCbl, most probably reflecting the larger 
amounts of Fyn protein present in the transfectants. Thus, the 
region deleted from 70ZCbl is not required for Cbl interaction 
with the Fyn protein. However, unlike wild-type Cbl, 70ZCbl 
does not negatively regulate Fyn; instead, it may even enhance 
its activity. 

The effect of 70ZCbl on Fyn was then tested by the SRE- 
luciferase reporter assay. 293T cells were transfected with Cbl, 
70ZCbl, or Fyn alone or the indicated combinations of con- 
structs. Expression of Cbl or 70ZCbl in isolation did not sig- 
nificantly alter the basal SRE-luciferase activity compared to 
mock-transfected cells (Fig. 3C). Expression of Fyn caused an 
increase in SRE-luciferase activity of approximately threefold, 
which was abolished by coexpression of wild-type Cbl. Strik- 
ingly, coexpression of 70ZCbl with Fyn resulted in a significant 
enhancement of SRE-luciferase activity above that observed 
with Fyn alone (3.3- and 11.8-fold, respectively). The reduction 
in SRE-luciferase activity caused by Cbl coexpression paral- 
leled the reduction of Fyn protein levels in the same lysates, 
while 70ZCbl did not seem to significantly affect Fyn levels 
(Fig. 3D). These data strongly suggest that wild-type Cbl pro- 
tein negatively regulates the in vivo activity of Fyn, while 
70ZCbl, a known transforming mutant, enhances Fyn activity. 

The Cbl-dependent decrease in Fyn protein levels is the 
result of enhanced turnover. An important observation made 
during the previous series of experiments was that Cbl-medi- 
ated negative regulation of Fyn coincided with a reduction in 
Fyn protein levels. This effect was unlikely to have been a 
transfection artifact, since no effect on Fyn protein levels was 
observed when equivalent amounts of the 70ZCbl expression 
construct were used. A likely explanation for the Cbl-depen- 
dent decrease in Fyn or FynY528F protein levels was that Cbl 
facilitated their degradation; however, a potential effect of Cbl 
on Fyn protein synthesis could not be excluded based on the 
results at hand. To differentiate between these possibilities, a 
metabolic pulse-chase analysis was performed in the 293T ex- 
pression system. 

293T cells were transfected with Fyn or FynY528F, with or 
without Cbl. Following processing for a pulse-chase analysis, 
anti-Fyn immunoprecipitates were prepared from the cell ly- 
sates, resolved by SDS-PAGE, and transferred to a PVDF 
membrane. Radiolabeled Fyn protein was visualized by auto- 
radiography (Fig. 4A, top panels), and the membrane was 

subsequently immunoblotted with anti-Fyn antibodies to assess 
the steady-state amounts of Fyn protein (bottom panels). 

Comparable 35S-Fyn signals were observed at time zero (no 
chase) in all transfectants (Fig. 4A, top panels, compare lanes 
1, 5, 9, and 13), indicating that Cbl did not act at the level of 
transcription or translation. Labeled wild-type Fyn protein ap- 
peared very stable, with only a small decrease in 35S signal 
observed during the chase period. Cells transfected with both 
Fyn and Cbl exhibited a time-dependent decrease in 35S signal, 
representing a 30% loss of the signal over the chase period 
(Fig. 4B). A discernible reduction in 35S-FynY528F signal was 
observed when the protein was expressed alone or in combi- 
nation with Cbl; however, Cbl coexpression resulted in a sig- 
nificant enhancement in the rate of signal loss (Fig. 4B, 11/2 = 
12 h without Cbl and 3 h with Cbl). As a control, the CD8-£ 
chain was also immunoprecipitated from lysates of 35S-labeled 
cells. Since Cbl does not stably associate with CD8-£ (data not 
shown), this protein is suitable for detection of any nonspecific 
effects of Cbl such as the rate at which unlabeled amino acids 
quench the 35S signal during the chase period. Unlike Fyn 
proteins, expression of Cbl had no effect on 35S-CD8-£ over the 
course of the chase period (Fig. 4C and D). Given this finding, 
we conclude that Cbl enhances the turnover of Fyn protein, 
thereby accounting for the observed decrease in Fyn protein 
levels observed upon coexpression with Cbl. 

Cbl-mediated negative regulation of Fyn is not the result of 
reduced kinase activity. One possible interpretation of the 
above results is that Fyn degradation is a secondary phenom- 
enon and that Cbl mediates its effect by directly inhibiting the 
tyrosine kinase activity of Fyn. We attempted to address this 
question by performing in vitro kinase assays to determine if 
Cbl expression had any effect on Fyn kinase activity. This 
experiment was complicated by the fact that coexpression of 
Cbl with Fyn consistently resulted in a reduction in the steady- 
state pool of Fyn protein. The problem was circumvented by 
analyzing the kinase activity of the pool of Fyn directly asso- 
ciated with Cbl or 70ZCbl. We reasoned that if Cbl directly 
affected Fyn kinase activity, the pool associated with Cbl 
should have significantly reduced activity compared to that 
associated with 70ZCbl if comparable amounts of Fyn protein 
are analyzed. 

The assay was performed by transfecting 293T cells with Cbl, 
70ZCW, or Fyn expression constructs, alone or in the indicated 
combinations. Cell lysates were prepared 48 h posttransfection, 
and anti-HA immunoprecipitations were performed. The im- 
munoprecipitates were divided equally, with half of each sam- 
ple being subjected to a kinase assay and the other half being 
analyzed by immunoblotting. The kinase activity was assessed 
by measuring the incorporation of 32P into the synthetic ty- 
rosine kinase substrate Raytide. When Cbl, 70ZCW, or Fyn 
proteins were singly transfected into 293T cells, minimal kinase 
activity was detected in anti-HA immunoprecipitates (Fig. 5A). 
However, when Cbl or 70ZCbl was cotransfected along with 
Fyn, significant kinase activity was detected in anti-HA immu- 

pAlterMAX-HA-Cbl expression construct (1 u.g)- At 48 h posttransfection, the cells were methionine starved for 1 h and then were pulse-labeled with [35S]methionine 
for 45 min. The pulse was chased with culture medium supplemented with unlabeled methionine for the indicated times, and cell lysates were prepared. (A) Anti-Fyn 
immunoprecipitates (i.p.) of cell lysates were resolved by SDS-PAGE and transferred to a PVDF membrane. Labeled Fyn protein was visualized by exposing the 
membrane to X-ray film for 48 h (top panel). The membrane was subsequently immunoblotted with an anti-Fyn antibody (bottom panel). (B) The signals in panel A 
were quantified as described in Materials and Methods, and the values at various chase times are expressed as a percentage relative to the highest 35S-Fyn signal. The 
line of best fit was calculated with the Prism program. A representative experiment is shown. This experiment was performed three times, with similar results in each 
case. (C) CD8-J protein was immunoprecipitated (i.p.) from lysates prepared by the same method as in panel A, and the labeled protein was visualized by 
autoradiography following transfer to PVDF (top panel, 16-h exposure). The membrane was then immunoblotted with a ^-specific antibody (bottom panel). (D) Signals 
in panel C were quantified and expressed as for panel B. 
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FIG. 5. Cbl-associated Fyn kinase activity does not differ from 70ZCbl-associated Fyn activity. (A and B) 293T cells were transfected with either 1 |xg of 
pAlterMAX-HA-Cbl or pA!terMAX-HA-70ZCbI alone or in combination with 0.05 |xg of pAlterMAX Fyn. The cells were lysed 48 h after transfection, and Cbl 
proteins were immunoprecipitated from 900 u.g of lysate with the 12CA5 anti-HA antibody. Following washing, the immunoprecipitates (i.p.) were divided equally and 
used for either an in vitro kinase assay (A) or immunoblot analysis (B). (A) Kinase activity associated with Cbl or 70ZCbl was determined by incubating the bound 
proteins in kinase buffer containing a synthetic substrate (Raytide) and [-y32P]ATP. 32P incorporation into the Raytide substrate was quantified with a Packard 1600TR 
liquid scintillation counter. Results are expressed as the mean and 1 SD of three replicates. (B) Fyn associated with Cbl or 70ZCbl was visualized by immunoblotting 
and quantified as described in Materials and Methods. Data from triplicate samples are shown for each transfection condition. (C) Fyn kinase activities in panel A were 
normalized for the Fyn protein levels observed in panel B. This experiment was conducted twice, with similar results observed in each case. 

noprecipitates. When a nonphosphorylatable Raytide sub- 
strate was used as a specificity control, no Cbl- or 70ZCbl- 
associated kinase activity was observed (data not shown). 

The kinase activity of Fyn associated with Cbl was approxi- 
mately half that of Fyn associated with 70ZCbl (Fig. 5A, 
mean = 30,839 counts for Fyn plus Cbl and 55,677 counts for 
Fyn plus 70ZCbl). The amount of Fyn protein associated with 
Cbl or 70ZCbl was determined by immunoblotting anti-HA 
immunoprecipitates with anti-Fyn antibodies. This analysis re- 
vealed that approximately twofold more Fyn was associated 
with 70ZCbl than with wild-type Cbl (Fig. 5B). When kinase 
activity was normalized for Fyn protein levels, no significant 
difference in Fyn activity associated with wild-type Cbl versus 
70ZCbl was observed (Fig. 5C). This experiment strongly sug- 
gests that the negative regulatory effect of Cbl on the Src- 
family kinase Fyn is not mediated by a direct inhibition of Fyn 
kinase activity. 

Coexpression of Cbl reduces FynY528F protein levels in 
Jurkat T lymphocytes. Fyn and Lck are critical in the initiation 
of signaling events following T-cell receptor engagement (72). 
Notably, Cbl mRNA levels are higher in hematopoietic cells 
than in other cell types, with the highest levels being observed 
in thymocytes (28). This suggests a particularly important role 
for Cbl in these cells. Therefore, we wished to determine if 
Cbl-mediated negative regulation of Fyn, observed in 293T 
cells, could also be demonstrated in lymphoid cells. 

A derivative of the Jurkat T-lymphocytic cell line that ex- 
presses SV40 large T antigen (Jurkat JMC-T) was electropo- 
rated with the FynY528F expression vector alone or in com- 
bination with Cbl. Total-cell lysates were prepared 48 h 
posttransfection and analyzed by antiphosphotyrosine immu- 
noblotting. Transfection of the FynY528F expression construct 
led to detection of a prominent tyrosine-phosphorylated band 
of approximately 55 to 60 kDa (Fig. 6A, top panel, lane 2); 
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FIG. 6. Enhanced Cbl-dependent degradation of transfected FynY528F protein in Jurkat T-lymphocytes correlates with reduced SRE-luciferase activity. (A) Jurkat 
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with the addition of SRE-luciferase reporter construct (10 u,g). At 24 h posttransfection, the cells were washed and either left unstimulated (—) or stimulated by addition 
of anti-CD3 antibody or a combination of PMA and ionomycin (IO) for 6 h. The SRE-luciferase activity was determined, and the data are expressed as a percentage 
of the maximal stimulation observed in correspondingly transfected cells cultured with PMA and ionomycin. Each error bar represents the mean and 1 SD based on 
five replicates. 

anti-Fyn reprobing of this membrane showed that this band 
corresponded to FynY528F (bottom panel, lane 2). Cotrans- 
fection of Cbl with FynY528F led to a marked reduction in the 
level of FynY528F phosphorylation (top panel, lane 3). This 
reduction in phosphorylation correlated with a reduction in the 
FynY528F protein level (bottom panel, compare lanes 2 and 
3). 

To assess the effect of Cbl on distal signaling events medi- 
ated by FynY528F expression in JMC-T cells, the SRE-lucif- 
erase reporter assay was used. The indicated constructs were 
transfected into JMC-T cells by electroporation. After 24 h, the 
cells were mock treated or were stimulated either with an 
anti-CD3 antibody or a combination of PMA and ionomycin. 
After 6 h of stimulation, the cells were lysed and the SRE- 
luciferase activity was determined (Fig. 6B). The results are 
expressed as a percentage of the maximal transcriptional acti- 
vation achieved upon cell stimulation with PMA and ionomy- 
cin. 

Mock-transfected cells exhibited low basal SRE-luciferase 
activity, which increased approximately sixfold following anti- 
CD3 stimulation. Overexpression of FynY528F in JMC-T cells 
resulted in a dramatic elevation of the basal level of SRE- 
luciferase activity, similar to results obtained with 293T cells 
(Fig. 2B and D). Following anti-CD3 antibody stimulation of 

JMC-T cells, only a small increase in SRE-luciferase activity 
was observed; this result is consistent with the constitutive 
kinase activity of FynY528F. Coexpression of Cbl along with 
FynY528F resulted in a significant reduction in the level of 
SRE-luciferase activity in unstimulated as well as in anti-CD3- 
stimulated cells. Taken together, these results demonstrate 
that the Cbl-mediated enhancement of Fyn protein degrada- 
tion and the reduction in Fyn signaling function is not limited 
to 293T cells but can be reproduced in a lymphoid-cell envi- 
ronment. 

Cbl-deficlent cell lines have increased Fyn protein levels. 
Finally, cell lines derived from Cbl-/~ mice were examined for 
evidence of Fyn deregulation. T-cell lines were generated from 
Cbl knockout mice (45) or normal littermate controls by intra- 
peritoneal injection of newborn mice with Moloney murine 
leukemia virus, followed by in vitro culture of the resulting 
lymphomas. The cell lines were designated 230 (derived from 
a wild-type mouse) and 206 (derived from a Cbl_/_ mouse). 
Immortalized fibroblast lines were also established by long- 
term in vitro culture of embryonic fibroblasts derived from the 
appropriate mice (designated PEF+/+ and PEF-/~). Immuno- 
blotting of equal amounts of total cellular protein with an 
anti-Cbl antibody revealed a prominent band of the expected 
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FIG. 7. Fyn phosphorylation and protein levels are increased in Cbl~7~ cell 
lines. (A) Total-cell lysates from the Cbl_/~ T lymphoma cell line 206 and 
control line 230 (150 ^ig) were separated by SDS-PAGE and transferred to a 
PVDF membrane. Similarly, total cellular protein (200 |u,g) from the Cbl~'~ 
fibroblast line PEF_/~ or the control line PEF+/+ was immunoblotted with 
anti-Cbl (top panel). anti-Fyn (middle panel), or anti-MAP kinase (MAPK) 
(bottom panel) antibody. (B) Fyn protein was immunoprecipitated (i.p.) from 
T-cell or fibroblast lysates, resolved by SDS-PAGE, and transferred to a PVDF 
membrane. The membrane was then probed with anti-Fyn antibody, stripped, 
and reprobed with antiphosphotyrosine [Tyr(P)] antibody. 

size in cells derived from wild-type mice and its absence in cells 
derived from Cbl_/_ mice (Fig. 7A, top panels). 

Significantly, anti-Fyn immunoblots indicated that both the 
T-cell and fibroblast cell lines derived from CbP/_ mice had 
higher levels of endogenous Fyn protein than did the control 
cell lines (Fig. 7A, center panels). This result was not nonspe- 
cific or due to an error in protein estimation: reimmunoblot- 
ting of the membranes with an anti-MAP kinase-specific anti- 
body revealed equivalent signals in lysates of wild-type and 
Cbl_/_ cells (Fig. 7A, bottom panels). Furthermore, the phos- 
photyrosine content of Fyn proteins immunoprecipitated from 
the Cbl~/_ lines was significantly higher than that of Fyn in the 
wild-type cell lines (Fig. 7B, bottom panels). These results 
provide evidence complementary to Cbl overexpression anal- 
ysis and further strengthen the idea that Cbl plays a role in 
regulation of Fyn protein levels. 

The Fyn SH3 domain and Cbl's TKB domain both partici- 
pate in Cbl-dependent negative regulation of Fyn, apparently 
in a redundant manner. The TKB domain of Cbl is capable of 
directly interacting with a number of tyrosine kinases in a 
phosphotyrosine-dependent manner, and this interaction is 
critical for Cbl-dependent negative regulation of ZAP70/Syk, 
PDGFR, and EGFR tyrosine kinases (30, 34, 36, 43, 68). To 
determine whether the TKB domain of Cbl is capable of in- 
teracting with Fyn, we transfected 293T cells with Fyn together 

with constructs encoding either HA-Cbl-N or its TKB domain- 
inactive mutant, HA-Cbl-NG306E. Anti-HA immunoprecipi- 
tates were assessed for Cbl-associated Fyn (Fig. 8A). The as- 
sociation of Fyn with Cbl-N could be readily detected (lane 3). 
In contrast, the TKB domain mutant Cbl-NG306E failed to 
associate with Fyn (lane 4). These observations indicated that 
the TKB of Cbl domain can associate with Fyn. Significantly, 
full-length wild-type Cbl and its G306E mutant protein were 
found to associate with wild-type Fyn (Fig. 8A). Thus, a func- 
tional TKB domain is not required to mediate a stable inter- 
action between the wild-type forms of Fyn and Cbl. 

The functional role of the Cbl TKB domain in the negative 
regulation of Fyn was then tested by coexpressing CblG306E 
with Fyn, and comparing its effect to that of wild-type Cbl (Fig. 
8B). Coexpression of CblG306E with Fyn induced a marked 
decrease in the pool of autophosphorylated Fyn, as well as a 
marked decrease in phosphorylation of CD8-£ and p62 (top 
panel, compare lanes 8 to 10 with lanes 2 to 4). This effect was 
similar to that induced by wild-type Cbl (top panel, compare 
lanes 5 to 7 with lanes 8 to 10). Furthermore, Fyn levels were 
comparably decreased by coexpressing Fyn with either Cbl or 
CblG306E (third panel from top, compare lanes 5 to 7 and 8 to 
10 with lanes 2 to 4). Since an inactivating amino acid substi- 
tution in the SH3 domain of Fyn significantly reduced the 
ability of Fyn to associate with Cbl (Fig. IB, lane 6), we focused 
on the role of SH3-mediated Fyn-Cbl interactions as a poten- 
tial explanation for the phenotype of CMG306E. 

293T cells were transfected with increasing amounts of the 
FynSFB* mutant alone or in combination with constant 
amounts of Cbl or CblG306E expression vector (Fig. 8C). As 
expected, coexpression of Cbl with wild-type Fyn caused a 
reduction in wild-type Fyn protein levels (Fig. 8C, bottom 
panel, compare lanes 1 to 3 with lanes 4 to 6). Strikingly, 
coexpression of Cbl also led to a significant reduction in 
FynSH3* protein levels (Fig. 8C, bottom panel, compare lanes 
7 to 9 with lanes 10 to 12). These results suggested that a 
mechanism distinct from Fyn SFB-Cbl binding was responsible 
for recruiting Cbl as a negative regulator to the FynSFB* 
protein. Consistent with the possibility that the Cbl TKB do- 
main-mediated interaction accounted for this functional effect, 
CblG306E failed to decrease FynSFB* protein levels (Fig. 8C, 
bottom panel, compare lanes 7 to 9 with lanes 13 to 15). 

To further establish the distinct yet redundant roles of the 
TKB domain of Cbl and the SH3 domain of Fyn in mediating 
Cbl-dependent regulation of Fyn, additional analyses were per- 
formed by the SRE-luciferase reporter assay. 293T cells were 
transfected with wild-type Fyn, FynY528F, or FynSFD*, either 
alone or in combination with Cbl or Cbl G306E (Fig. 8D). 
Expression of the FynSFB* mutant resulted in a high level of 
SRE-luciferase activity, comparable to that in cells expressing 
the FynY528F mutant. This is consistent with previous results 
in which mutation of the Fyn SH3 domain was found to en- 
hance the kinase activity of the protein (9). A significant re- 
duction in SRE-luciferase activity was observed when wild-type 
Cbl was expressed in combination with either FynY528F or 
FynSFB* (Fig. 8D). In contrast, CMG306E expression did not 
reduce the SRE-luciferase activity in cells transfected with the 
FynSFB* mutant, but it was capable of inhibiting the activity in 
cells expressing FynY528F. Taken together, these results 
strongly indicate that both Fyn SH3 domain binding to the Cbl 
proline-rich region and Cbl TKB domain binding to an uniden- 
tified motif(s) in Fyn mediate interactions leading to negative 
regulation of Fyn via protein degradation. 
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DISCUSSION 

All nine members of the Src tyrosine kinase family contain 
conserved structural domains that are required for the regula- 
tion of kinase activity and mediate interactions with signaling 
proteins following activation. Mutational analyses and crystal- 
structure studies of Src-family kinases have demonstrated that 
kinase activity is regulated by intramolecular binding of the 
SH3 domain to the SH2-kinase linker and of the SH2 domain 
to the negative regulatory phosphorylation site near the C 
terminus. The importance of these interactions in the repres- 
sion of kinase activity is highlighted by the fact that mutation of 
the SH3 or SH2 domains or their intramolecular binding sites 
results in unregulated kinase activity (32). While the intramo- 
lecular model provides an elegant mechanism by which Src 
kinases are maintained in an inactive form, the processes in- 
volved in the activation and subsequent inactivation of Src- 
family kinases have not been determined. Given that Cbl as- 
sociates with multiple members of the Src kinase family (2,14, 
17,18, 48, 51, 54, 56, 67, 70) and given its ability to function as 
an activation-dependent negative regulator of other tyrosine 
kinases (6, 30, 34, 43), we investigated the potential role of Cbl 
as a negative regulator of a prototype Src-family kinase, Fyn. 

The previously studied tyrosine kinase targets of Cbl, such as 
ZAP70, Syk, PDGFR, and EGFR, require activation-induced 
phosphorylation to physically interact with Cbl (6, 30, 34, 43). 
In contrast, earlier analyses with lymphocytic and other cell 
types indicated that stable complexes of Cbl with Fyn, Lck, Src, 
and Lyn can be found prior to cellular activation (2,14,17,18, 
48, 51, 54, 56, 67, 70). In vitro studies suggested that a likely 
mechanism for this basal association was the ability of the SH3 
domains of Src-family kinases to interact with proline-rich se- 
quences in Cbl (14,17,18, 54, 56). Using Cbl mutants in which 
parts of the proline-rich region were deleted and an inactivat- 
ing point mutation of the Fyn SH3 domain, we demonstrated 
that this mechanism predominates in vivo. Nonetheless, Fyn 
SH2 domain binding to one or more phosphotyrosines on Cbl 
also appeared to contribute to the Fyn-Cbl interaction. Con- 
sistent with the Fyn SH2 domain mediating an association of 
Fyn with Cbl, the three dominant phosphorylation sites in Cbl 
(amino acid residues Y700, Y731, and Y774) have been found 
to provide binding sites for Src-family kinase SH2 domains 
(16). The combined SH2- and SH3-dependent mechanisms 
mediate a relatively stable association of Cbl with Fyn, with 
approximately 25% of the expressed Fyn protein being com- 
plexed to Cbl under our experimental conditions (data not 
shown). It should be noted that our results do not allow us to 
conclude whether the various mechanisms of physical interac- 
tion function concurrently or whether distinct pools of Fyn-Cbl 
complexes use different interactions. Together, these data 
clearly suggest a complex mechanism of physical interaction 
between Cbl and Src-family kinases. 

The fact that the SH3 domain of a Src-family kinase (Fyn) 
mediated complex formation with a cellular polypeptide (Cbl) 
and that this complex was readily detectable in vivo raised an 
apparent paradox in view of the current model of Src-family 
kinase regulation. Based on the intramolecular-repression 
model of Src-family kinase regulation, ligand binding to the 
SH3 domain is predicted to displace it from the SH2-kinase 
linker and to lead to kinase activation. Indeed, in vitro and in 
vivo analyses of the interaction of the HIV Nef protein with 
Hck and of Src coexpressed with a fragment of Sin protein 
support this prediction (1, 7, 44). An obvious question was 
whether binding of Cbl to the SH3 domain of Fyn would lead 
to activation of the kinase or whether Cbl might use binding via 
the SH3 domain to promote negative regulation of Fyn. Our 

results demonstrate that association of Fyn with Cbl leads to a 
dramatic reduction in the active pool of Fyn. This conclusion 
was based on multiple criteria: Cbl dose-dependent reduction 
in the overall levels of autophosphorylated Fyn, decreased 
phosphorylation of endogenous (p62) and exogenously intro- 
duced (CD8-£) in vivo substrates of Fyn, and reduced tran- 
scriptional activation of a Src-family kinase-responsive pro- 
moter element. Thus, while displacement of the SH3 domain 
from the SH2-kinase linker can lead to activation of Src-family 
kinases, dissociation followed by SH3 domain-dependent as- 
sociation of Fyn with Cbl reduces kinase activity. 

Identification of a role for Cbl in the negative regulation of 
the Src-family kinase Fyn raises questions about its relative 
biological significance, in comparison to the previously estab- 
lished model of intramolecular regulation. While more de- 
tailed studies are needed to definitively answer this important 
question, our results support a complementary role for the two 
mechanisms. Intramolecular regulation of Src kinases can be 
disrupted by mutation of the negative regulatory C-terminal 
tyrosine (Y528 in Fyn), resulting in the constitutive activation 
of kinase activity. We used the FynY528F mutant to ask if 
Cbl-dependent negative regulation of Fyn could still be ob- 
served. The results presented here clearly demonstrate that 
FynY528F not only retains its susceptibility to the negative 
regulatory effects of Cbl but also is more susceptible to this 
effect than is the wild-type Fyn. These results suggest that 
Cbl-mediated negative regulation would be important in situ- 
ations where Fyn intramolecular associations have been dis- 
rupted, as is predicted to occur upon activation of cell surface 
receptors. 

An unexpected finding was the observation that the Cbl- 
dependent reduction in autophosphorylated Fyn and inhibition 
of distal signaling events was consistently accompanied by a 
reduction in Fyn protein levels. The effect of Cbl on Fyn levels 
correlated with its impact on Fyn kinase activity: both effects 
were more pronounced for the FynY528F mutant than for 
wild-type Fyn. Significantly, coexpression of the 70ZCbl mu- 
tant with Fyn did not affect Fyn activity or alter Fyn protein 
levels, implying that the effect of Cbl on Fyn protein levels was 
not a transfection artifact. These results suggested that Cbl 
may regulate Fyn activity by mediating the degradation of 
activated Fyn protein. This hypothesis was tested by pulse- 
chase analysis, which directly demonstrated that the Cbl-de- 
pendent decrease in Fyn protein levels resulted from enhanced 
Fyn-specific protein turnover. Cbl-mediated reduction of Fyn 
protein levels was also observed in Jurkat T-lymphocytic cells, 
indicating that Cbl-dependent degradation of Fyn is likely to 
occur widely. Complementing these analyses based on Cbl 
overexpression, we also demonstrated that fibroblast and T- 
lymphoma cell lines derived from Cbl_/~ mice express higher 
levels of Fyn protein than do cell lines derived from wild-type 
mice. Significantly, the observed half-life of FynY528F was 
shorter than that of wild-type Fyn following coexpression of 
Cbl in 293T cells, implying that the catalytically active pool of 
Fyn is targeted for degradation. Consistent with this sugges- 
tion, the E6AP-mediated degradation of Blk (see below for 
further details) required a catalytically active kinase (47). To- 
gether, these results provide strong support for a role for Cbl 
in regulating Fyn protein levels in vivo. At present it is not 
clear whether the other two Cbl-family members, Cbl-b and 
Cbl-3, also exert an effect on Src-family kinases. Given the high 
structural similarity of the TKB and RING finger domains 
among the Cbl-family members, such a role is not unlikely. 
However, direct analysis is required to determine if Cbl-b and 
Cbl-3 provide redundant and/or complementary roles to Cbl in 
the regulation of Src-family kinases. 
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The possibility that the reduction in Fyn protein levels was a 
secondary effect of Cbl-mediated inhibition of Fyn kinase ac- 
tivity was also tested. While the total amount of Fyn kinase 
activity associated with Cbl was smaller than that associated 
with 70ZCbl, normalization of the data for Fyn protein levels 
revealed that there was no significant difference in Fyn specific 
activity. This result is consistent with those published previ- 
ously in which Cbl was found in complex with catalytically 
active c-Src in osteoclast and macrophage cell lines (49, 66). 
Together, these results lead us to conclude that Cbl does not 
significantly affect Fyn kinase activity and that the most likely 
explanation for the observed negative regulation of Fyn activity 
by Cbl is that Cbl enhances the rate of Fyn degradation. 

A correlation between an increase in the kinase activity of 
Src-family members and a concurrent reduction in protein 
levels has been observed in a number of experimental systems. 
For example, the specific kinase activity of Fyn is increased in 
peripheral blood mononuclear cells of asymptomatic HIV pa- 
tients compared to that in uninfected controls or patients with 
unrelated diseases (52). Notably, while the kinase activity of 
Fyn is increased, Fyn protein levels are markedly reduced (52). 
Similarly, a dramatic reduction in the protein levels of c-Src, 
Fyn, and Lyn has been observed in Csk-deficient cells concur- 
rent with increased kinase activity (25, 46). Finally, it has been 
reported that stimulation of rat fibroblasts with a combination 
of PDGF and transforming growth factor ßl led to degrada- 
tion of c-Src (19). Since transforming growth factor ßl treat- 
ment alone has no effect on Src protein levels, these results 
imply that activation of Src by PDGF was important for Src 
degradation (19). 

These observations, in conjunction with the results pre- 
sented in this paper, implicate protein degradation as one 
mechanism for downregulation of activated Src-family kinases. 
Cbl enhances the level of ubiquitination and rate of degrada- 
tion of EGFR and PDGFRa (30, 43, 73). The RING finger 
and surrounding sequences are required for Cbl-mediated en- 
hancement of EGFR degradation, since 70ZCbl or other Cbl 
proteins bearing mutations in this area fail to exert this effect 
and are incapable of mediating in vitro ubiquitination of the 
EGFR (30, 73). Indeed, 70ZCbl did not affect Fyn protein 
levels in our 293T transient-transfection system, suggesting the 
possibility that the mechanism by which Cbl enhances the rate 
of Fyn degradation is also mediated via a ubiquitin-dependent 
process. Such a possibility is supported by a recent report of 
the degradation of the Src-family kinase Blk via a ubiquitin- 
dependent mechanism (47). Oda et al. found that E6AP, an E3 
ubiquitin ligase, could associate with and enhance the rate of 
Blk degradation upon pervanadate treatment of cells (47). 
Furthermore, multiubiquitinated forms of Blk were detected, 
and degradation of Blk was blocked by a proteasome inhibitor, 
MG132 (47). Significantly, while the present paper was under 

review, Cbl was reported to interact with a ubiquitin-conjugat- 
ing enzyme (E2) via its RING finger domain and to function as 
an E3 ubiquitin ligase by promoting the transfer of ubiquitin 
from E2 to a substrate protein (26). These recent observations 
suggest a model in which Cbl may either function as an E3 and 
allow a RING finger-associated E2 to ubiquitinate activated 
Src-family kinases or function primarily as a scaffold to juxta- 
pose Cbl-associated E2 with Src-family kinase-associated E3 to 
promote ubiquitination. Further analysis is required to clarify 
the role of the ubiquitin/proteasome pathway in Cbl-depen- 
dent Src-family kinase degradation and to determine whether 
Cbl-dependent degradation requires E6AP or other ubiquitin 
ligases. Taken together, our results indicate that Cbl-mediated 
degradation may complement the known mechanisms of Src- 
family kinase regulation, namely, dephosphorylation of the 
tyrosine residue within the catalytic loop and phosphorylation 
of the negative regulatory tyrosines by Csk (13, 65). Thus, 
precise regulation of Src-family kinases is likely to encompass 
multiple mechanisms working in concert. 

While our model predicts that the major function of Cbl is 
the downregulation of Src-kinase activity by degradation, oth- 
ers have suggested that Cbl is downstream of c-Src and is 
required for signal transduction. The major defect in Src_/~ 
mice is osteopetrosis, caused by a deficiency in bone resorption 
by osteoclasts, suggesting that Src kinase activity is required for 
osteoclast function (61). Phosphorylation of Cbl in osteoclast 
cell lines is Src dependent, and reduction of c-Src or Cbl 
protein levels by antisense oligonucleotides inhibits in vitro 
bone resorption (66). Similarly, Cbl phosphorylation is mark- 
edly reduced in Hck/Fgr/Lyn^7- macrophages following liga- 
tion of integrins by fibonectin, and treatment of wild-type cells 
with Cbl antisense oligonucleotides blocks cell spreading (40). 
Thus, Cbl may play two distinct roles in Src-family kinase- 
mediated signaling: downregulation of Src activity by enhanc- 
ing degradation and simultaneous action as an adapter for 
SH2-containing proteins, thereby positively contributing to the 
transmission of the signal. 

Finally, our studies demonstrate that Cbl-mediated Src-fam- 
ily kinase regulation is likely to be even more complex than 
Cbl-mediated regulation of other tyrosine kinases. The Cbl 
TKB domain is required for negative regulation of EGFR and 
PDGFR, as well as the ZAP70/Syk family of tyrosine kinases 
(6, 8, 30, 34, 43). This, coupled with the observation that the 
Cbl TKB domain bound wild-type Fyn, suggested that this 
domain would be required for regulation of Fyn by Cbl. Sur- 
prisingly, inactivation of the Cbl TKB domain alone did not 
affect the ability of Cbl to reduce the kinase-active pool of Fyn. 
A similar effect was noted in NIH 3T3 cells, where overexpres- 
sion of wild-type Cbl as well as CMG306E led to inhibition of 
DNA synthesis induced by a constitutively active form of Src 
(8). This result suggested that Fyn SH3 domain binding to Cbl 

FIG. 8. A functional TKB domain is required for Cbl-induced negative regulation of the FynSH3* mutant protein. (A) 293T cells in 100-mm tissue culture dishes 
were transiently transfected with pAlterMAX-Fyn expression construct (0.1 |a,g) along with the pAlterMAX constructs encoding HA-Cbl-N or HA-CMNG306E or 
constructs encoding HA-Cbl or HA-CblG306E (1 u.g). HA-tagged proteins were immunoprecipitated (i.p.) from 200 u,g of cell lysate with the 12CA5 antibody, and 
immune complexes were resolved by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted with anti-Fyn (top panel) or anti-HA (middle panel) 
antibodies. Fyn expression levels were evaluated by either anti-Fyn immunoblotting of 15 u.g of total-cell lysate (lanes 1 to 4) or immunoblots of anti-Fyn 
immunoprecipitates from 100 (ig of cell lysate (lanes 5 to 8). (B) 293T cells were transiently transfected with pAlterMAX vector (lane 1) or the indicated amounts of 
pAlterMAX-Fyn construct and 0.5 u,g of pSRaneo-CD8-£ expression construct, without or with the pAlterMAX-HA-Cbl or pAlterMAX-HA-CblG306E construct (1 
ixg). At 48 h after transfection, the cells were lysed and 15-(ji,g aliquots were resolved by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted with the 
indicated antibodies. Fyn protein levels were determined as described in Materials and Methods. Tyr(P), phosphotyrosine. (C) 293T cells were transfected with the 
indicated amounts of pAlterMAX-Fyn or pAlterMAX-FynSH3* expression constructs, along with 1 u-g of pAlterMAX vector, pAlterMAX-HA-Cbl, or pAlterMAX- 
HA-CblG306E expression plasmids. Cell lysates were treated as in panel B and immunoblotted with either anti-HA or anti-Fyn antibodies as indicated. Fyn protein 
levels were determined as described in Materials and Methods. (D) 293T cells were transfected with the SRE-luciferase reporter (5 u,g) and the indicated pAlterMAX 
Fyn constructs (0.05 u.g), without or with pAlterMAX-HA-Cbl or pAlterMAX-HA-CblG306E expression plasmid (1 (xg). Luciferase activity was determined, and the 
results were expressed relative to the luciferase activity of the mock transfectant, which was arbitrarily set at 1. Results represent the mean and 1 SD of five replicate 
transfections. 
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may be the only interaction required for negative regulation of 
Fyn by Cbl. However, the FynSH3* mutant was still negatively 
regulated by Cbl. By using a combination of the Cbl TKB 
domain mutant and an SH3 domain mutant of Fyn, we dem- 
onstrated that either domain is sufficient to mediate Cbl-in- 
duced negative regulation of an activated form of Fyn. These 
observations suggest that one or more phosphotyrosine motifs 
on Fyn are recognized by the TKB domain of Cbl, which may 
in turn enhance the susceptibility of the activated kinase to 
Cbl-mediated regulation. It should be noted that the Fyn SH3* 
mutant has enhanced kinase activity with respect to wild-type 
Fyn and so may contain phosphotyrosine motifs not found in 
the wild-type protein. Therefore, at present we are unable to 
rule out the possibility that the TKB domain effect observed is 
relevant only to constitutively active Src-family kinases. 

In conclusion, our results implicate Cbl as an important 
component of the negative regulation of the Src-family kinase 
Fyn and provide evidence that Cbl-dependent regulation is 
achieved via enhanced degradation of Fyn. Given that Cbl is 
known to associate with many members of the Src kinase 
family, and given the structural conservation among the Src- 
family members, Cbl is likely to be a general negative regulator 
of Src-family kinases. Additionally, these results implicate ki- 
nase degradation as a general mechanism by which Cbl func- 
tions as a negative regulator of tyrosine kinases. 
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